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Abstract

An instrumentation package was developed for measuring the electrical

conductivity of flowing MilD plasmas with four—pin probes. This system was

then used to investigate the sensitivity of the indicated conductivity to

the flow velocity and the pin orientation in a subsonic, atmospheric—

pressure argon flow at 2000 K seeded with 0.1% potassium.

Experimental investigation of the current—voltage characteristics of

such probes demonstrated the linearity of the charactistics for applied

voltages of about I volt across the outer pins, and pointed out the need

for a.c. excitation of the probes. When excited at audio frequencies

(typicall y 20 Khz) well above the highest frequencies of the conductivity

fluctuations in the flow, the final instrumentation system was found to be

well suited for time—resolved relative conductivity fluctuation measurements

and for continuous display of the time—averaged indicated conductivity,

0.indic.
The absolute accuracy of conductivity measurements using four—pin probes

in practical MilD flows appears to be limited by relatively large “flow

effects.” For example, a decrease ~~ °indic of approximately 50% was

observed as the flow velocity increased from 10 rn/sec to 100 rn/sec. Also,

o. . decreased as the pins were rotated from the “end—on” to a sidewiselnd3.c
orientation.

iv
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Chapter 1

INTRODUCTION

1.1 Motivation for  the Research

The work described in this report stems from a broader interest in

stud ying h ow th e pe r fo rmance of MUD generators is af fec ted  by spatial and

tempo ral nonuniformit ies  which exist , for various reasons and to vary ing

deg r ees , in all real MUD p lasmas. Some of the mechanisms which may pro—

• duce nonunifo r inities in the p lasma properties ( e . g . ,  electrical conducti-

v i ty ,  temperature , elect ron density , velocity) are plasma instabilities,
poor mixing, imperfect  combustion , and th ree—dimensional f lu id  mechanical

flow ef fec t s  such as turbulence and boundary layers. At the present time ,
an important goal for researchers in the field of MUD power generation is

to develop accurate mathematical models for predicting the performance of

proposed large—sized generators . As such models grow more refined , it

will b e necessary that they take into account the presence of nonunifor mi—

ties in some way , via the parameters which characterize these nonuniformi—

ties ( such as , fo r examp le , statistical measu res including mean and rms

values of f luctuat ing conductivity , prob abil i ty density func t i ons , cha rac-

teristic f requencies or frequency spectra of f luc tua t ion s in plasma prop-
er ties , and many others) . Such information will be required as input

information to the theoretical models. For this b~~ic reason , MUD research-

ers will benefit by being able to measure experimentally the plasma’s non-

uniform and fluctuating properties , with three—dimensional spatial resolution

and adequate time resolution , in laboratory—scale experiments. In summary,

there is a need for spatially and temporally resolved measurements of MUD

plasma properties to help formulate and provide quantitative input to more

accurate performance—predicting models.

Of particular importance in this regard is the development of a diag-

nostic technique for measuring the electrical conductivity (or, somewhat

equivalently under most conditions, the electron density). The desirability

of a method having three—dimensional spatial resolution stems from the

essentially three—dimensional nature of many plasma nonuniformities, from

the near—total lack of any actual published three—dimensional fluctuations

1
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data (e.g., measured values of conductivity fluctuations at, or in a small

region surrounding, a point in the flow field) up to the present time, as

well as from the need to assess the validity of more traditional optical

diagnostics which give only two—dimensional resolution and fail to resolve

nonuniformities along the optical path . In addition to spatial resolution,

time—resolved measurement techniques are valuable because they permit fre-

quency spectral analyses of fluctuations to be made (which often illuminate

the nature and origin of the nonuniformities), and offer the possibility

(when coup led with su itable data—processing equipment) of generating any

sort of quantitative statistical information which might be required by

theoretical i~odels , such as the theory of Reference [1].

1.2 Review of Possible Diagnostic Techniques

Measur ing techniques fo r elect r ical conductivity or electron density

which fulfill the requirements for both three—dimensional spatial resolu-

tion and temporal resolution appear, at the present time, to be restricted

to probe methods , viz, the four—electrode (conductive type) conductivity

probe, the inductive RF probes (several different designs exist), and

Langmuir probes . These probes are described in Reference [2] and will be

discussed briefly here. First , however, we mention that , while there are

standard spect roscopic techniques (such as the absolute continuum intensity

method and the absolute line intensity method for N
e) which do provide

suitable time response , their spatial resolution is inherently limited to

two dimensions . Also , there are laser scattering methods (in particular ,

Thomson scatter ing f rom f r ee electrons for determining N
e) which are

capable of 3—D spatial resolution; such techniques are only poorly devel-

oped at the present time, however, and for MUD plasmas the time resolution

is likely to be inadequate, due to the very low scattering cross sections

and consequent long times required for photon counting.

The four—electrode probe (or four—pin probe) is the subject of this

report and will be thoroughly described later ; it is perhaps the most

“direct” technique, in that it is based on actually passing current through

the plasma, obtaining measurements of both the current density J and

electric field E, and deducing the conductivity a directly from Ohm’s

Law, J GE.

2
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The several types of inductive (RF) prohes which have been used to

measure a [2,3,41 rely on the fact that the impedance (or Q) of a

small RF coi~ immersed in a plasma, or the trans—impedance between two or

more such coils, changes when the conductivity of the surrounding medium

changes. The coils are usually enclosed in an insulating ceramic tube

• and swept through a plasma stream quickly enough to avoid melting. The

effects of nearby metallic conductors tend to “swamp out” the effects of

• the plasma, whose conductivity is orders of magnitude lower; in addition,

to interpret the data obtained with these inductive probes requires assump-

tions about the fluid mechanical perturbations caused by the presence of

the probe. These facts tend to limit the accuracy and the spatial resolu-

tion of inductive probes , although it appears difficult to characterize
this limitation quantitatively .

The electron concentration. N , can be determined under MUD condi—e
tions by suitably designed and calibrated Langmuir probes. Since a =

e
2
N /m \ and the collision frequency ‘U can be calculated fairlye eeH eH

accurately if the temperature is known to only modest accuracy, the Lang—

muir probe Ne measurement together with a rough temperature measurement

will yield the electr ical conductivity . The theoretical and experimental

work of Clements [5] has demonstrated the feasibility of N measurements

by Langmuir probes operated in the highly negatively—biased ion—collecting

mode. However, the theory which relates the calculated N to the mea-

sured probe bias voltage and collected ion current is only approximate at

the present time. Thus, in order to obtain accurate N measurements, one

will be forced to calibrate the Langinuir probe’s response by immersing the

probe in plasmas in which Ne is accurately known by some other means.

Aside from this difficulty vis—~—vis calibration, the Langmuir probe ap-

pears to offer the possibility of excellent spatial and temporal resolution.

There are practical problems with such probes, however, among which are the

cooling of the probe and the deposition of seed materials or other sub-

stances in the flow onto the cold probe.

- -~~~~~~- - -~~~~~~~~~~ -~~~~~~~~ - ,- - 
I_
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1.3 The Four—Electrode Conductivity Probe

This report describes experimental work directed towards assessing

the suitability of the four—electrode conductivity probe (or “four—pin

probe”) for three—dimensional spatially—resolved and time—resolved elec—

trical conductivity measurements in MUD plasma flows. In this section we

present a brief description of the construction and operation of these

probes.

The four—pin probe consists of four exposed metal electrodes in the

form of short tips of bare wire emerging from two parallel double—bore

• ceramic tubes, as shown in Fig. 1.1. The probe tips are immersed in a

conducting medium whose conductivity , a, is to be determined. An exter-

nal power supply (such as a battery or a more alaborate oscillator) causes

a current i to flow between the two outer electrodes, and the magnitude

• of this current is measured , for example, by measuring the voltage Vshunt
appearing across a resistor R in series with the outer electrodes.shunt
Simultaneously, one measures the potential difference iSV i n e r  which ap-

pears between the two inner pins; this is done using a very high impedance

voltmeter so that no current flows into either of these electrodes. If

conditions are such that the probe characteristics are linear, i.e., that

the current I and voltage difference cSV jnner are directly proportional

to each other, we may write

iSv (Pr0P0rti0n~~1.tY \ U) jresistivity of) + const
inner constant / \ the medium

or

iSv = k i ( I)+  c . (1.1)
inner p a

The theoretical justification for this relationship is simply that in an

ohmic medium, such as we assume the plasma to be in the absence of a mag-

netic field , the current density (and hence total current, i) is propor-

tional to the potential difference between two measuring stations (viz,

the two inner pins). The reason for using the inner pins (which draw no

current) rather than the outer pins (which do draw current) for this p’~~en—

tial difference measurement is that plasma sheath voltage drops occur near 

~~~~~~~~~~~~~~~~~~~~~~~~~ -- — - --~~ -
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Figure 1.1. Schematic of the tip of a four-pin
conductivity probe. 
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the current—carrying electrodes. The magnitudes of these drops are of

the same order or greater than the ohmic voltage drop through the plasma,

and furthermore are unequal at the cathode and anode. Thus the measured

voltage difference between the outer pins is not proportional to the true

ohmic potential drop across the plasma. However, at the floating inner

pins, the plasma sheath drops will be smaller and presumably equal (or

nearly so) at each pin, so that, when the potential difference between

the inner pins is measured , the sheath drops subtract out, leaving only

the ohmic contribution.

The schematic portrayal, in Fig. 1.2, of the potential distribution

along a line joining the fou r pins may help to ~clarify the preceding ex-

planation. In this figure t
~
Vw F  represents the potential drop immedi-

ately outside the metal electrode surface due to the fact that there is

some work function potential which electrons must overcome in order to

leave the metal. Also, 
~
V heth represents the plasma sheath voltage

drop, and , as mentioned previously, there is an ohmic potential drop of

kpi , or k i/ci, where p is the resistivity of the plasma and a its

conductivity . From Fig. 1.2 it is clear that the measured voltage iSVjflner
is related to these other quantities by the equation

iSV +~~V -M = (k i)/o+iW — i Winner W .F . , 2 sheath ,2 p W . F . , l sheath , l

or, upon rearrangement ,

• iSV = k i ( !)+  iSV , (1.3)inner p 0 offset

• where

iSVof fse t  (
~

V
~~p 1  ~

Vw F 2) - (Msheath l — Msheath 2)

(1.4)

Now, differentiating Eqs. (1.2) (or Eqn. (1.3)) and rearrangement leads

to the result

a k 
~~6v) (1.5)

6F, 
:i~’ - • - • • - • . - . . • • • -• • • • -• • • • • . - • • . • •- --
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Figure 1.2. Schematic of the potential distribution along
a line joining the four electrodes of a four-
pin probe .
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in which it is understood that for simplicity iSv is denoted byinner
iSV. Since k is a constant, the conductivity is directly proportional

to d(iSv) , the slope of the current—voltage characteristic of the probe.

The probe constant k~ must be known to at least the accuracy de—

sired in the absolute measurement of the conductivity . There are several

approximate ways of determining k~. Assuming the potential distribution

to be the same as the 2—D distribution which would be established by in-

finitely long probe wires of vanishingly small diameter , Brown [6] obtains

the following formula in a straightforward calculation:

k = — ~aj (1.6)p,2—D

where 2. is the length of the probe wire tips and a and b are geomet-

rical parameters defined in Fig. 1.1. Formula (1.6) is very useful for

quick order—of—magnitude estimates of the value of k~ for any given

probe. Somewhat more refined estimates, taking into account the finite

diameter of the electrodes, could be obtained by solving numerically , or

experimentally with resistance paper , the two—dimensional boundary—value

problem of current flow between two parallel cylindrical electrodes in a

uniform medium with two conducting cylinders in between.

In principle a similar numerical calculation in three dimensions is

possible, but the easiest way of obtaining k~ while taking account of the

three—dimensionality of the current flow around the pins is to immerse the

probe in a liquid electrolyte (such as an aqueous KC2. solution). If the

conductivity of this solution is accurately known and the slope of the

current—vol tage characteristic can be measured while the probe is in the

electrolyte, then k is easily calculated using Eqn. (1.5). This was

the way k was in fact determined for the probes used in the present work.

• However, several difficulties were encountered which made necessary a fairly

careful and elaborate procedure in order to obtain accurate values of k~;

the details of this probe constant determination work are presented in Ap-

pendix A. It is worth emphasizing that the probe constant obtained by this

method is valid for non—flowing, stationary conducting media.

In practice , then, once the probe constant k~ has been determined,

the conductivity of the test plasma may be found by immersing a four—pin

probe into the plasma , exciting the probe (i.e., passing current i at

8
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some suitable frequency) with a power source, simultaneously measuring i

and the inner—pin voltage difference iSV, suitably processing the i and

iSV signals so as to obtain the slope 
d o  , and calculating a from

the relation 0 = k~, d( iSv) The time—response of the probe is limited

mainly by the speed with which the electronic signal processing and record-

ing can be carried out. The spatial resolution depends, of course, on the

size of the actual probe, which can be made reasonably small (typical di-

mensions might be 0.5 mm diameter wire electrodes of 2 or 3 mm length sepa-

rated by, say 1 mm). There is a lower limit to the possible probe dimen-

sions, however, which is due to the fact that the plasma sheaths around the

inner and outer pins must not overlap or else erroneous measurements of

iSV will result. In addition , it should be noted that the electrodesinner
may operate at sufficiently high temperatures that they are thermionically

emitting without affecting adversely the probe reading. Thermionic emis-

sion, in fact , simplifies the operation of the probe by greatly reducing

the voltage drops at the electrode—plasma interface and permitting large

currents to be passed through the plasma with comparatively small applied

voltages. Operation at temperatures of thermionic emission also elimi—

nates the need for elaborate probe—cooling systems, thereby simplifying

the construction of the probes.

1.4 The Question of Accuracy and Flow Effects

In the introductory discussion of the four—pin probe in the previous

section, the major assumptions have been that (a) the probe’s i—iSV char-

acteristic is linear, and (b) the probe constant k , found empirically

in non—flowing electrolyte solutions, remains valid when the probe is

placed in a flowing plasma. These assumptions must be experimentally

studied if a reliable assessment of the accuracy and suitability of this

probe method under MUD conditions is to be made. The range of currents

for which the desired linearity holds should be determined , and care taken

to operate the probe within this range. The possible influence of “flow

effects” arises when one considers that k~ is a function of the complete

current distribution pattern around the electrodes. When the probe is in

a uniform , stationary electrolyte , a particular current pattern, and hence

a certain value for ~~ will be obtained . But when the probe is in a

9
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flowing plasma, there are several effects tending to produce a non—uniform

conductivity field around the pins, such as thermal boundary layers around

the pins and ceramic support which might lower C in regions near the

cooler surfaces, or convection effects tending (in loose terminology) to

• “blow the discharge downstream”. Such “flow effects” might well lead to

significantly altered (with respect to the stationary medium case) current

patterns around the pins, and thus to an effective altered value of k ,

or in other words to an indicated conductivity which could differ signif i—

cantly from the true local conductivity of the plasma. Just how much the

indicated conductivity depends on such flow effects is open to experimen-

tal investigation. For convenience, the flow effects have been classified

into possible “velocity effects”, in which 0indicated 
= k~ d(iSV) might

• change as the magnitude of the flow velocity changes for some particular

fixed geometrical orientation of the pins with respect to the velocity

vector, and possible “orientation effects” in which a mightindicated
change as the angular orientation of the probe relative to the flow changes

while the magnitude of the velocity remains constant.

1.5 Specific Goals of the Research

In view of the previous discussion , it is possible now to state briefly

the specific goals of the present work. The first major goal was to develop

a suitable electronics probe excitation and signal—processing package to

measure accurately 0indic 
= k d(iSV) 

on both a time—resolved and time—

averaged basis. The other main goals are to provide at least partial,

hopefully quantitative answers to the following questions.

• What is the range of operating parameters (if any) for which the i—iSV

characteristics of the four—pin probe is linear?

• For a fixed orientation of the four—pin probe, and fixed a, does

0indic depend , and if so by how much, on the magnitude of the flow

velocity?

• For a fixed flow velocity, does 0jndjc change as the angular orien-

tation of the pins is changed relative to the flow, and if so, by how

much?

• To what accuracy or degree of confidence can one assert that 0indic
as measured by a four—pin probe is equal to the true local electrical

conductivity in flowing MUD plasmas?

10
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1.6 Summary of What Follows, and of Conclusions

Chapter 2 of this report describes the experimental apparatus other

than the electronic instrumentation : the arcjet facility and flow train
• for generating the seeded argon plasma, as well as construction details

of the four—pin probes.

The experiments to investigate the i—iSV characteristics of four—pin

probes, and establish the range of linearity, are discussed in Chapter 3.

The results of these experiments were important in motivating the final

electronics signal—processing system, which is the main topic of Chapter 4.

Once the final electronics configuration was implemented , a number

of experiments were done using this system to make both time—averaged and

time—resolved measurements of a. The time—averaged measurements were

mainly to test the sensitivity of the indicated conductivity to flow ef-

fects (velocity and orientation); these results are presented in Chapter 5.

Chapter 6 presents some sample time—resolved data and the statistical in-

formation about the conductivity fluctuations which was deduced from such

data.

The main conclusions which we have drawn about four—pin probes in

the course of this research are as follows:

• The i—iSV characteristics of the four—pin probes used remained linear

if the voltage applied to the outer pins was maintained below approximately

1 volt. Depending on the particular probe geometry, the corresponding cur-

rent densities at the outer pin surfaces were less than approximately

0.1 amp/cm2 to 0.2 amp/cm
2
. The criterion Vouter ~ 

1 volt seemed to

be the most practical and reliable rule of thumb for ensuring linearity.

• Even when no current passes between the outer electrodes, a finite

and fluctuating voltage difference iSV ffset 
appears between the inner

pins; this fact requires that the probe not be operated with d.c. current

if erroneous results are to be avoided.

• When excited at frequencies well above the highest naturally-occurring

conductivity fluctuation frequencies in the flow, the four—pin probe system

described in this report appears to yield reliable and accurate time—resolved

data on conductivity fluctuations (accurate in the sense that all statisti—

cal parameters characterizing the fluctuations are accurate, with the excep-

tion of the mean value of a).

11
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• With the method of immersion in electrolyte solutions to calibrate

the probes, k~ can be found only to a precision of approximately 5% to

10% (depending on the probe used), which limits the probe’s absolute accu-

racy even in the absence of flow effects.

• For a fixed probe orientation, the indicated conductivity 0indic
decreases as the magnitude of the flow velocity of the plasma increases.

The curve of al dIC vs. u presented in Fig. 5.3 shows a drop of ap-

proximately 50% in 0indic as u increases from about 10 m/sec to 100 rn/sec.

• For a fixed flow velocity , 0indic appears to decrease as the flow

direction changes from “end—on” towards a sidewise orientation relative to

the pins (cf. Fig. 5.6).

• The present work has not studied possible effects of the size and

geometry of the probe on 0indic’ but has restricted attention mainly to

a particular probe in the “end—on” configuration ; nevertheless, it has

shown that with careful, detailed measurements it is possible, for any par-

ticular probe and orientation, to produce an empirical curve of aindic/au o
vs. u which can be used as a flow—effect calibration curve, i.e., to

provide a correction to C . which would yield an accurate measure ofindic
the true local conductivity at any velocity.

• In the absence of such detailed flow—effect calibration measurements

as are mentioned in the preceding conclusion, it would be unwarranted (based

on the data obtained in this work) to claim high absolute accuracy for any

particular four—pin probe used in flowing MMD plasmas, since the indicated

conductivity may be as much as a factor of two or three lower than the

• actual conductivity.

• Care should be exercised in interpreting conductivity profile data ob-

tained by four—pin probes (such as some of the results of Brown [6]) in

boundary layers where both a and the velocity are varying.

12
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Chapter 2

DESCRIPTION OF THE EXPERIMENTAL APPARATU S

2.1 Probe Construction Details

All of the four—pin probes used in this work were constructed with

tungsten wire electrodes supported by double—bore alumina tubing. No

artificial cooling was used , since these materials can survive the NaK—

seeded argon plasma at around 2000°K without melting or oxydizing.

There were two basic variations in the actual construction of the

probes. In the simplest version, which was employed as a fixed—position

probe to monitor conductivity changes in the plenum, the two ceramic tubes

were inserted through holes drilled into a brass pipe plug which was screwed

into the water—cooled plenum wall, as shown in Fig. 2.1. The tungsten

wires were typically 0.020 or 0.030 inch diameter, and the exposed tips

were located close to the centerline in the low—velocity region in the

plenum.

The other type of probe construction was used for mobile probes which

were mounted on a mechanical traversing mechanism situated outside the

plenum of the plasma generator facility. The ceramic tubes for these mobile

probes were inserted into 5/8” diameter graphite rods appropriately drilled

and slotted , as indicated in Fig. 2.2. The alumina tubes were potted into

the holes and slots in the graphite with Ceramabond 503 adhesive. In the

case of long probes emp1oyin~ hin ceramic tubing, it was necessary to

wrap the tubing with thin molybdenum wire, as shown in Fig. 2.2, to keep

the two tubes from separating due to thermal warping; some probes were also

reinforced by securing 1/16 inch diameter tungsten rods along the outside

of the alumina tubes to reduce lateral warping. While liberal use of

Ceramabond adhesive was made to hold the tubes together and coat the ex—

posed metal surfaces of the moly wire and tungsten reinforcing rods, care

was taken not to place any Ceramabond in the region of the exposed tungsten

electrode pins. The exposed pins were cleaned with a dental sandblaster

before use, and appeared clean and bright after each test.

13
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Plasma Flow

5/8-inch diameter
graphite rode -Al umina Tubing
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,J 
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Figure 2.2. Construction details of mobile probes. The alumina
tubing was potted into the graphite with Ceramabond
503 high-temperature cement , which is not shown in
this sketch.
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2 . 2  Plasma—Production Apparatus and Flow Path

Argon seeded with NaK was employed as the working gas in all experi-

ments. The argon was heated by passing the gas through the swirl—stabilized

discharge in a Thermal Dynamics , Inc . Model F—5000 arc heater . The argon

flowrate was normally set at 13.6 gm/sec , and the are operated at about

700 amperes d.c. with a voltage drop of about 90 volts; the temperature of

the gas usually stayed in the range 1700°K to 2300°K, depend ing on the arc

current setting . Tc smooth out the arcjet operation , a large, water—cooled ,

iron—core conventional magnet (normally used in combustion MUD research in

our laboratory) was used in series with the arcjet. Its large inductance

was very effective in filtering out the 360 Hz ripple in the arcjet cur-

rent (which led to 360 Hz conductivity fluctuations observed in early tests)

arising from the three—phase full—wave rectified power source employed in

this facility. Further details of this aspect of the experiments are given

in Appendix B.

After leaving the arc itself , the heated argon flows into a cylindri-

cal water—cooled plenum chamber, as indicated in Fig. 2.3. The molybdenum

liner shown in this figure acts as a radiation shield to decrease the heat

transfer rate to the water—cooled plenum wall. At the downstream end of

the plenum the gas flows through a slowly converging nozzle made of boron

• nitride , and exhausts into the atmosphere.

Seeding is accomplished by injecting the liquid metal NaK (sodium—

potassium mixture, 78% potassium by weight) through a molybdenum tube into

the plenum. As the NaK enters the heated tube it vaporizes and emerges

• from a single 0.020 inch diameter hole facing downstream (it was found that

when this hole faced upstream , some seed presumably entered the arc region

• and interfered with the stable operation of the arcjet). Further details

on this seed—injection system may be found in Reference [7]. To avoid the

condensation of liquid sodium and potassium metal on the boron nitride noz-

zle walls, a stainless steel insert was placed between the nozzle and the

cooled copper end flange. This insert was designed with large thermal

resistance and allowed the nozzle to run at temperatures above l000°K,

thus avoiding NaK condensation .
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• 2.3 Mobile Probe Mount and Technique for Varying Velocity

Since one of the main goals of the present work was to investigate

the effects of flow velocity and orientation on the indicated conductivity

reading, a method was needed for easily varying both the flow velocity over

the probe and the probe orientation with respect to the flow direction,

while leaving the local electrical conductivity of the plasma approximately

constant. It was impractical to attempt varying the flow velocity by

varying the argon flowrate through the arcjet since, in order to keep the

conductivity constant, both the arcjet current (and hence the gas tempera-

ture) and the seeding rate would have to be carefully readjusted . It was

therefore decided to employ a slowly converging nozzle at the plenum exit;

the flow velocity at each point along the axis of the nozzle would then be

different (with the conductivity remaining essentially constant, since the

arcjet current and seed rate were in steady state). A mechanical mount

was constructed using a translating rotary milling head to insert and with-

draw a mobile four—pin probe along the nozzle axis in the region of varying

velocity, as shown in Fig. 2.4. The axial position of this probe was moni-

tored continuously with a linear position transducer . The calibration pro-

cedure by which this axial position was related to the corresponding flow

velocity is discussed in Appendix C. Using this system, the flow velocity

varied from about 100 m/sec , with the mobile probe fully withdrawn out to

nearly the exit plane of the nozzle, down to about 10 m/sec , with the probe

f ully inserted into the plenum region.

By placing the axis of rotation of the rotary milling head directly

beneath the exposed tips of the mobile probe and translating the probe

tips to a point just inside the nozzle exit plane, the angular orientation

of the pins could be continuously varied by rotating the milling head.

The probe tips remain at the same radial and axial location near the noz—

zoe exit during this process so both the conductivity and the magnitude

of the flow are unchanged . The range of variation of the orientation angle

O (see Fig. 2.4b) was about ± 60°; a full ±90° variation was not possible,

since this would have required that the probe tips lie slightly outside the

exit plane of the nozzle and it was found in early tests that in this case

when 0 = 90° (i.e., when the probe was inserted from the side normal to

18
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the flow), some atmospheric oxygen was entrained along the downstream

side of the ceramic support tubes and reached the exposed tungsten pins,

which quickly oxidized .

An additional degree of freedom in the translating mobile probe mount

permitted traversing the probe radially across the stream and into the

boundary layers. This was useful in measuring the severity of the radial

gradients (or in measuring the radial profiles) of the conductivity .
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Chapter 3

• INVESTIGATION OF i—óV CHARACTERISTICS OF FOUR—PIN PROBES

3.1 Preliminary Instrumentation for Studying Probe Characteristics

The first system for varying the current passing between the outer

electrodes of the probe, and for generating directly plots of this current

(i) vs. the inner pin potential difference (6V) , is the simple battery—

driven circuit and x—y plotter shown schematically in Fig. 3.1. With

the probe immersed in the seeded argon plasma, the potentiometer was slowly

turned by hand from one extreme to the other over a time period of the

order of one or two minutes, and the signals ÔV , the inner pin voltage

difference, and V = iR (used as a measure of the current) wereshunt shunt
applied directly to the x— and y—axes, respectively of the x—y plotter,

whose differential input terminals were floating off ground. (In all ex-

periments with four—pin probes, care was taken not to ground any point in

the probe—excitation circuitry, and all instruments to which the Vshunt
and 5V signals were applied had to be true floating, differential—input

devices. These precautions were necessary, because the probe pins t1~m—

selves were immersed in a plasma which was in good electrical contact with

• the grounded anode of the arcjet facility; thus any other grounded point

in the probe power supply would provide a possible alternative path for

the probe current , part or all of which might bypass the shunt resistor,

causing erroneous measurements.)

A reproduction of a typical i—t~V plot obtained in this way is shown

in Fig. 3.2. While the general appearance of this i—ISV characteristic

indicates that the probe is operating approximately as expected , there are

several deviations from ideal behavior. First, the trace is very jagged,

especially near the extremes. This behavior could be due in part to uneven-

ness in the manual rotation of the potentiometer, and in part due to either

fluctuations in plasma properties during the long sweep time or to some

sort of arcing at the probe pins. Secondly, the overall shape of the i—6V

trace is slightly “S—shaped” and nonlinear, although the portion near the

origin appears linear over some range of currents. The slope of the trace

22
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taken near the origin does lead to a value of conductivity consistent with

• the plasma temperature (as measured only approximately by thermocouples)

and seed fraction present in the experiment. Thirdly, as the current is

raised and then lowered , the plotter pen does not retrace the original

• curve; indeed there even appears to be a sort of “hysteresis effect” as

the current is taken through a complete cycle. Additionally, the time

(1—2 minutes) required to manually sweep the current is so long that appre-

ciable changes in the conductivity may well occur as the i—cSV plot is

being made.

3.2 Revised Measurement Circuitry and Instrumentation Setup

The difficulties mentioned in the previous paragraph motivated several

revisions in the probe—excitation circuitry and recording instrumentation.

To replace the battery excitation , a completely floating power supply was

constructed, based on a power operational amplifier. Any desired excita-

tion current waveform, from pure d.c. to a.c. at frequencies up to near

100 kHz, could be obtained by applying a corresponding low—power, floating

excitation voltage to the input of the power operational amplifier. The

complete schematic and further description of this floating power amplifier

appears in Appendix D.

For purposes of studying the time—averaged i—5V characteristics , an

excitation source was needed which was faster and smoother than the manual

sweeping of a potentiometer (as described in Section 3.1) while still slow

enough so that the x—y plotter pen could accurately track the signals.

For this purpose , a small battery—powered function generator was construc-

ted from a kit (see Appendix D for further details); this device produces

a sinusoidal or triangular waveform at frequencies from 0.1 Hz to 100 kHz,

and was operated at 0.1 Hz for purposes of obtaining i— 5V characteristics

on the X—Y plotter .

In order to “clean up” the noisy, fluctuating traces typified by Fig.

3.2, the 6V and V
h t  signals are passed through low—pass filters

before being sent to the plotter. With the excitation frequency set at

0.1 Hz, the cutoff frequency of these commercial filters (Rockland Systems

~brp . Model 452 Dual Hi/Lo Filters) was typically set at 0.2 Hz. Since the

input terminals on these filters are single—ended (i.e., one input terminal
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• is grounded), and it was desired to maintain the entire measuring circuit

floating, it was necessary to pass the 6V and V
hfl t signals through

unity—gain differential amplifiers, which act as isolation stages, before

• inputting these signals into the filters. With all of these changes, the

final experimental electronics configuration for obtaining “high quality”

i—~V plots from the four—pin probe is as shown in Fig. 3.3.

3.3 Results of Studies of i—ÔV Characteristics

Using the experimental setup of Fig. 3.3, i—cSV characteristics of

two different probes were recorded after varying (and recording) the ampli-

tude of the 0.1 Hz voltage applied to the outer pins of the probe,

Vouter max~ 
and varying the plasma temperature (and thus the magnitude of

the conductivity). In several of the runs, the seeded argon was diluted

with 3% by volume of nitrogen to reduce the possibility of electron tem-

perature nonequilibrium in regions of locally high current density. For

the various run conditions, simultaneous plots of i vs. V and ofouter
i vs. 6V were recorded . The main results of these experiments will

now be discussed .

It was found that the i—cS V characteristics were always linear so

long as V was kept below about 1.0 volts. Also, for values ofouter ,max
V less than roughly 0.5 volts, the quality of the i—cSV plotsouter,max
seemed to deteriorate, presumably due to decreased signal—to—noise ratios.

Sample i—cSV plots for varying V are reproduced in Figs. 3.4a,outer ,max
3.4b, and 3.4c, in which V had values of 6 volts, 0.17 volts ,outer ,max
and 0.71 volts, respectively. The best quality, most linear i—SV char-

acteristics were obtained , no matter which probe was used and no matter

what the numerical value of o, for V 0.75 volts, and Fig.outer,max
3.4c is a typical sample characteristic . It is clear that the low—pass

filters smooth out the small fluctuations such as those in Fig. 3.2, and

the “hysteresis effect” is minimized or absent entirely . The values of

a obtained by measuring the slopes of the characteristics and multiplying

by the probe constant obtained using the formula (1.6) always lie within

the (rather wide) range of expected values of a based on the relatively

inaccurate thermocouple—determined temperature. The behavior of the i—ÔV

characteristics was unchanged , so far as we were able to judge, by the

presence of nitrogen in the plasma.
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It should be noted that the experimental plots of i vs. 6V
outer

were not, except in a few cases, symmetrical with respect to the origin,

nor were they always linear, even when Iv I 1 volt. The inter—outer,max
pretation of these i— SV plots was felt to be somewhat irrelevantouter
to the main thrust of the present work, however, especially since even in

cases where the i_ SV
outer curve was not linear, the corresponding “more

important” i—cSV curve was linear, provided Iv 1 volt.inner outer,max
Before carrying out these experiments, we had expected to be able to

formulate a rule—of—thumb for obtaining linear i—ISv characteristics in

terms of the current density at the surface of the outer probe electrodes.

However, the results showed that among all “good quality”, linear i—ISV

characteristics which were recorded , this current density varied over the
2 2

range 0.05 amps/cm to 0.25 amps/cm , depending on the probe size and

on the plasma temperature. The most useful guide to ensuring a linear

characteristic appeared to be , as has been stated already, to maintain

V in the range 0.5 volts to 1.0 volts, with the cleanest dataouter ,max
found for V 0.75 volts; then , so long as the characteristic wasouter,max
linear, the current density increased proportionately with the conductivity.

Perhaps the most important fact to emerge from studying the experimen—
• tal i—ISV plots, at least insofar as the subsequent course of the experi-

ments was concerned , was the fact that even when the probe current i goes

to zero, there is still a fairly large voltage difference between the inner

pins, denoted by )SV
ffset 

(cf. Fig. 3.4c), found graphically by locating

where the i—ISV trace intercepts the horizontal (ISV) axis. Experimen-

tally, for a given probe, the value of ISV 
~~ 

tended to fluctuate

slowly around some mean value (for example, for the probe used to obtain

Fig. 3.4c, ISV ff  ~ 
—35 mV ± 10 my). The particular mean value,

)SV
f f t , however, seemed to vary randomly from one probe to the next,

usually falling within the range —50 isV 
~ 

ISV ffset ~ 
+50 mV. The precise

origin of this ISVoffset is not known. In any case, its magnitude is at

most a few percent of the floating potential 
~ 

= (kT/e)R,n(m j/me)
hhf2

(cf. Reference [8], p. 132, Eqn. (3.5)), which for the experimental condi-

tions of this work has a value of approximately 1.0 volts. As has been

suggested in Section 1.3 (cf. Fig. 1.2 and Eqn. (1.4)), some plausible

mechanisms giving rise to a nonzero ISV are differences in sheath
offset
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voltage drops (due perhsps to slight differences in probe tip temperatures)

and/or differences in the work function voltage drops. The effective work

function at the surface depends on the contact potential between the twig—

sten electrode and the partial coating of potassium seed atoms. If the

seed atom coverage of one of the two inner floating electrodes differs

slightly from the coverage on the other pin, then there could be differ-

ences in the contact potentials which would show up as ISV when theoffset
potential difference between the two inner pins is measured .

Whatever the mechanism leading to ISV its existence had tooffset
be taken into account in designing subsequent signal—processing electronics.

What is desired to obtain 0 is the slope d(ISv~ 
of the i—ISV character-

istic. If the characteristic is linear and passes th rough the or igin of

coordinates (refer  to Fig. 3.5) , then this slope would be the quotient of

the amplitudes of the two a.c. signals, which is easy to obtain continu-

ously using an electronic analog divider . However, if (as is in fact the

case) the characteristic is linear but does not pass through the origin,

then the simple quotient of the maximum i and ISV signals gives a com-

pletely erroneous value for the slope (see Fig. 3.5), and hence for the

conductivity. The implication from all this is that a four—pin probe

should not be operated in the d.c. mode (i.e., with d.c. current passing

between the outer pins), but rather in the a.c. mode , in which the i—ISV

characteristic is being continuously swept out .  Then , if the ISV ff et
voltage can be removed electronically , the quotient of the amplitudes of

the i and ISV signals is equal to the slope of the characteristic , and

hence is proportional to the conductivity. The details of how this was

accomplished in the present work are presented in the following chapter.
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1

di ‘max
‘max slope d (ISVY IS Vmax

I ISV

IS Vmax

(a) IS V offs et = 0 or removed electronically by signal
processing

‘max slope 
~ 

m~

(b) ISVoffset / 0

Figure 3.5. Illustrating possible error in obtaining true
slope of I-ISV characteristics as the quotient
Imax / ISVmax in the presence of non-zero
ISVoffset.
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• Chapter 4

• FINAL SIGNAL—PROCESSING SYSTEM

4.1 Use of High—Pass Filters and Audio—Frequency Excitation

In order to obtain an i—ISV characteristic which was linear and
always passed through the origin, it was necessary to filter electroni-

cally the i and ISV signals. Since the offset signals were observed

to vary at frequencies less than one or two kilohertz, it was decided to

power the outer pins of the probe at a much higher frequency (well into

the audio—f requency range) and to emp loy a hi gh—pass f i l ter  adj usted to
attenuate the offset signal, but to pass the excitation signal. A typical

value used for the excitation frequency was 20 kllz, in which case the high—
pass f i l t er ’s cutoff  frequency would be set around 15 kHz.

The instrumentation setup , shown below in Fig . 4.1, is similar in
appearance to the low—frequency setup of Fig. 3.3 previously described ,

except that now the source frequency was raised from 0.1 Hz to around
20 kHz , and the low—pass filters with cutoff frequencies around 0.2 Hz

were switched to high—pass filters with cutoffs of 10 kHz to 15 kHz.

(Actually the same instruments, Rockland Model 452 Dual Hi/Lo Filters,
which can be operated in either the high—pass or low—pass mode and have

adjustable cutoff frequencies , were used in both setups.) The differential

amplifiers again play the role of isolating the two signals from ground ,

and were now operated with sufficient gain to raise the signal levels from

a few tens of mIll Ivolts to a few voltq before inputting them into the

high—pass filters. Since the X—Y plotter clearly cannot plot out char-

acteristics at 20 k}Iz, an oscilloscope was used as the X—Y plotting de-

vice, with the amplified and filtered current signal applied to its verti-

cal deflection plates and the corresponding ISV signal applied to the

horizontal deflection plates.

A typical photograph of the resulting i—ISV characteristics is re-

produced in Fig. 4.2. Note that the plots are all very linear and do pass

through the origin. Also, there is no noticeable phase shift between i

and ISV, since the plots are linear and not elliptical. During the
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Figure 4.2. Typical i-ISV plot obtained with the
measuring circuit of Figure 4.1. Data
from run 133 of 2/11/77. The minimum

• and maximum slopes correspond to
conductivities of 10.0 mho/m and
26.8 mho/m , respectively. Exposure
t ime = 1/60 sec.
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exposure time for this photograph (1/60 sec), many complete i—ISV plots

were swept out , and , while the individual plots are linear , their slopes

vary over some range. As is shown in more mathematical detail in Appen—

dix E , these variations in slope actually represent and are proportional

to the f luctuations in the electrical conductivity in the p lasma , even

though such fluctuations may have frequencies well below the cutoff fre-

quencies of the high—pass filters. The basic reason for this at—first-

confusing result (viz, how low—frequency conductivity fluctuations can

“get through” the high—pass filters) is that the conductivity fluctuations

affec t only the amplitudes of the high—frequency “carrier signals” i and

ISV , which pass unaltered (in either frequency or amplitude) through the

filters. Thus the amplitudes of the signals emerging from the filters can

and do still vary at the frequencies of the (slower) conductivity varia-

tions , which co nsequently are seen as changes in the slope of the i—ISV

characteristics , such as those of Fig. 4.2.

4 .2  Remaining Signal—P rocessing Components

As a result of the signal processing described in the previous sec-

tion, the signals emerging from the two high—pass filters have the form

• V ( t )  = V ( t )  sin w t = R I ( t )  sin w tshunt shunt ,max s shunt max s
(4 .1)

ISV(t)  = ISV ( t )  sin w tmax s

where u is the excitat ion frequency (~ 20 k}iz). Since the plot of

V h t
(t )  vs. ISV(t )  has the form of straight lines passing through the

ori g in of coordinates (see Fi g. 4 .2) , the slope of the character istic
• V h t  vs. ISV , which is proportional to the conductivity , is ju st equal

to the quotient V ( t ) / I S V  ( t ) , so we may w r iteshunt ,max max

V ( t )
shunt ,maxa ( t )  = (const .)  ISV (t) 

(4 .2)
max

Thus, in order to continuously monitor a(t), one needs to obtain signals

directly proportional to the amplitudes V (t) and ISV (t) andshunt,max max
input these into the numerator and denominator input terminals of an
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analog divider circuit, whose output will then be a signal proportional

to the time—vary ing conductivity , a ( t ) .

Signals proportional to VShunt max(t) and ISV
max(t) were obtained

by first passing both the signals represented by Eqn. (4.1) through pre-

cision linear full—wave rectifier circuits (see Appendix D for circuit

details), and then sending the rectified signals into low—pass filters

with cutoff frequencies well below the excitation frequency W~ but above

the highest expected frequency of th.~ conductivity fluctuations. The out-

puts of these latter low—pass filters consisted of time—varying positive—

valued voltages proportional to the amplitudes V (t) andshunt ,max
ISV (t). These latter signals were subsequently amplified by variable—

gain amplifiers whose gains were selected for each experiment to give opti-

mum input values for the numerator and denominator of an Analog Devices

Model 436A analog divider. (This particular device requires that at all

times the numerator input signal be less than or equal to the denominator

input signal, and that the denominator signal lie within the range 0.1 volt

to 10 volts . The variable—gain amp l i f iers allowed the operator to adjust

the signal levels to comply with these conditions before taking data.)

A schematic diagram showing the effects of the rectifiers , low—pass fil-

ters, and variable—gain amplifiers on a sample waveform emerging from the

high—pass f i l te r  is shown in Fi g. 4 .3 below .

The voltage emerging from the analog divider is directly proportional

to the electrical conduc tivity of the plasma as a function of time, and

provides a time—resolved measurement of o (t ) . To record this time—resolved

conductivi ty data , the signal was sent directly to an analog tape recorder ,

and also to an oscilloscope for  visual monitoring . For experiments in

which the time—averaged conduct fv~ ty was the variable of interest , thIs

same signal was sent to a final low—pass f i l ter  which smoothed out the

fluctuations, and therea fter  to a st r ipcha r t recorder which gave a contin-

uous visual display of the mean conductivity. The procedure for calibrat—
ing this system, taking into account the gain factors of the several

electronic signal—processing components and the probe calibration constant

( c f .  Section 1.3) is discussed in the following two sections of this
chapter. First, however , we present in Fig. 4.4 a block diagram of the

entire signal—processing system, and in Fig. 4.5 a set of sample waveforms
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t
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Low-Pass
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t

Figure 4.3. Sketch of sample waveforms at the output terminals
of the high-pass filter , rectifier , and low-pass
f ilter.
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Figure 4.5. Sample waveforms obtained
at various points (A,B,C, etc.) in
signal processing chain of Fi gure 4.4.
Upper trace is current signal , l ower
trace is ~V jnner signal , excitation
frequency 15 khz , artificially-
induced modulation at 500 hz to
simulate fluctuations in conductivity .
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obtained at each station in the signal—processing chain, using a dummy
probe with artificially induced fluctuations in the i and ISV signals.

4.3 Procedure for Calibrating the Electronics, Using a Dummy Probe

A simplified diagram of the signal—processing system of Fig. 4.4 is

shown in Fig. 4.6, in which the differential amplifier , high—pass filter,

rectifier, low—pass filter, and variable—gain amplifier for each of the

numerator and denominator chains have been “lumped” into a single compo-

nent having some net gain factor, 
~~~~~~~~~~~ 

which equals the product of the

individual gain factors of its constituent components . In addition , Fig.
4.6 shows switches which allow the operator to switch the current supplied

by the probe power supply back and f o r t h  from the “real” four—pin probe

(which may be immersed in either the plasma or in the calibrating electro-

lyte solution) to a set of three fixed resistors (R3, R4 , and R12) which

constitute what we refer to as a “dummy probe”.

The operator adjusts all the gain factors of the electronic components

such that, when the switches connect, alternately, the real and the dummy -

probes into the circuit, all the signals remain within their allowable
• ranges. Once this is done , the opera tor switches to the dummy prob e and

reads the corresponding cons tant d ivider outpu t , 
~dummy ’ with an accurate

voltmeter. Then he switches over to the real probe and reads (or records

on tape or a stripchart) the corresponding (possibly time—varying) divider

output, 
~real~ 

From these two measurements, plus a knowledge of the probe

constan t k~ and the value of the resistor R12, the conductivity of the

fluid in which the real probe is immersed can be determined , as explained

below.

When the dummy prob e is In the circuIt , a divider output is given by

the relation

Q = 10 
VN dummy 

= 10 net,num Vshunt dummy
dummy V g VD,dunmiy net,denom R12

— 10 
Rshldummy8net nun

— 

Rl2ldummySnet,deflom

from which it follows that
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= 

10 
(4 3)

~dummy
1
~l2

From Eqn. (1.5), a = k d(ISv)~ 
Also , after suitable signal processing,

as discussed above, the i—ISV characteristics are linear and pass through

the origin of coordinates , so we have that a = k (I /ISV ), whichp max max
may be written in terms of the notation of Fig. 4.6 as follows:

a = k 
‘max 

= k 
Vshunt max 

= ~~2_ ~~~~~~~~~~~~~~~
p ISV p R ISV R V /gmax sh max sh D,real net,denom

(4.4)

= 

k 
(~~net ,denom ‘ ~‘l0 

VN real
b R  \ g  Vsh net ,num D,real

Substituting (4.3) into (4.4) and identifying the last term in brackets in

(4.4)as the divider output 
~real’ 

we obtain

k Q (t)
= p real 45o(t) 

R Q ( . )
12 dummy

which is the working equation for determining the electrical conductivity

with the four—pin probe and electronics setup already described .

4.4 Procedure for Determining the Probe Constant,

The probe constant k in Eqn. (4.5) was determined experimentally

using the identical electronics setup shown in Figs. 4.4 and 4.6. The

only differences in procedure were that (a) the probe being calibrated

was imm ersed in a carefully prepared aqueous KC9~ solution whose conduc-

tivity, GKC~~ 
is accurately known from handbooks, and (b) the excitation

ftequency and cutoff frequencies of the filters were different when using

the probe in the electrolyte solution than when using the probe in the

plasma. For measurements in the electrolyte, excitation frequencies around

1 kIiz were found to be most suitable, and measurements of k were in fact
p

taken over a range of frequencies (typically 100 Hz to 10 kHz) . The high—

• . pass filter cutoff was lowered to around 10 Hz for these measurements.

For each excitation frequency, the following quantities were measured :

the KCR. solution temperature (which was needed to accurately determine

the conductivity a from tabulated tata), the divider output QKCL dummy

42 

•-~~~~~ --•- ~~~ -- - --~~~~~~~ - - -



_ _ _ _ _  _ . - ~~~~~~-

when the dummy probe was switched into the circuit, and the divider Out-

put 
~real,KCi 

obtained when the real probe being calibrated is immersed

in the standard KCZ solution. Substituting these quantities into the

working equation (4.5) and solving for k~ yields

k = R12 
IS
KCi 

~re:l,Kc~ 

(4.6)

which is the working relation used to determine k .  It was found that ,

unless great care was taken, k~ as determined by (4.6) had a fairly

large frequency dependence, related to polarization effects in the elec-

trolyte. Appendix A presents in more detail the procedures used to over-

come these problems and obtain reasonably accurate values of k .  The

predominantly “ratiometric” character of the whole signal—processing and

experimental procedure is illuminated by substituting Eqn. (4.6) into

Eqn. (4.5) to obtain the result

a (t) = a real,plasma (t~~
Qreal ,KC~) . (4 7)

plasma KCL (Q /~ )
dummy,plasma dutnmy ,KC9.
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Chapter 5

INVESTIGATIONS OF FLOW EFFECTS ON INDICATED CONDUCTIVITY

5.1 Description of Experiments

Investigations of flow effects on the time—averaged conductivity in-

dicated by the four—pin probes were carried out using two probes simulta-

neously , a fixed probe and a mobile probe, both operated with identical

but separate electronics. As explained in Section 4.2, the outputs of

the analog dividers for each probe were sent through final low—pass fil-

ters (whose cutoff frequencies were usually set at around 2 Hz) to accom-

plish the time averaging, and then to separate channels of an eight—

channel analog stripchart recorder. The fixed probe, located in the low—

velocity region of the plenum chamber, was employed mainly because many

prior experiments had shown that slow, often erratic , and often fairly

large changes in the conductivity of the seeded , arc—heated argon flow did

occur even for nomInally constant flow conditions. The purpose of the

fixed probe was thus to monitor these changes in the “background ” conduc-

tivity which were not due to f l ow e f fec t s , so as to avoid erroneously

interpreting variations of indicated conductivity on the mobile probe as

being due to flow e f f ec t s .  Thus , the fixed—probe output served as a

“normalization factor”, and in all the final results of these experiments

we plot the quotient , a Ia , of the indicated conductivitiesmobile fixed
from the two probes at the same instant in time .

The procedure used to study the effects of flow velocity on the indi-

cated conductivity (aifld) was to translate the mobile probe axially in

and out along the centerline of the converging nozzle, thereby varying the

flow velocity at the probe tip. The axial position, z, of the probe

(from which the velocity was later deduced as described in Appendix C) was

monitored continuously by a position transducer whose output was recorded

on the eight—channel stripchart.

Similarly, to study the effects of the orientation of the pins and to

measure radial profiles of conductivity in the flow, the probe mount was

slowly rotated through the angle 0, or translated radially through radial
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distance r normal to the flow. The variables r and 0 were monitored

• with position transducers and similarly recorded on the same eight—channel
stripchart. 

-

In addition to the indicated conductivities of the two probes and the

position variables z, r, and 0, several other signals were simulta-

neously recorded on the stripchart. These signals included the gas tem-

perature (actually the junction emf of a tungsten thermocouple in the

plenum), the arcjet current and voltage drop, and a voltage proportional

to the rate of injection of seed (NaK) into the plenum.

5.2 Effects of Flow Velocity on Indicated Conductivity

Figures 5.1 and 5.2 are reproductions of portions of actual strip—

chart records obtained in the experiments just described . These figures

show the output of the axial position transducer and of the fixed and mo-

bile probes, and illustrate that, while the fixed probe output remains

fairly constant , the mobile probe output decreases as the velocity increases.

In other words , these stripchart records already indicate the existence of

a substantial velocity effect on the indicated conductivity. Figs. 5.1 and

5.2 show two different “modes” of data—taking: in Fig. 5.1 the mobile probe

was continuously withdrawn and inserted (hence the name “continuous” mode),

whereas in Fig. 5.2 the mobile probe was set at several discrete axial sta-

tions and data were recorded for at least 30 seconds at each station (“dis-

crete” mode). Because the probes may have some short “transient response

time” after a velocity change, during which the probe output is in error,

the data obtained in the “discrete” mode may possibly be more accurate

than the “co n tinuous” mode data .
After reducing these and other similar stripchart data, employing

formula (4.5) to obtain a b~l 
and af l ed ’ and plotting the quotient

of these results vs. u/u , we obtain the curve shown in Fig. 5.3, inmax
which only “discrete” mode data points were used in sketching in the con-

tinuous curve. As can be seen, the indicated conductivity, ° bib , is

reduced by around 50% as the velocity increases over the range of veloci-

ties achievable in these experiments (namely from about 10 m/sec to about

100 mlsec). This result , while obtained using a particular size four—pin •

probe in the “end—on” flow configuration , nevertheless indicates that there
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is a significant “flow effect” (vs. a velocity dependence in the indicated

conductivity) which must be taken into account when using four—pin probes.

In interpreting the results shown in Fig. 5.3 as evidence of a “flow

effect”, we have assumed that the local conductivity remains constant in

the core flow of the plasma between the upstream and downstream ends of

• the nozzle. In Appendix F we discuss in more detail this assumption.

While there are mechanisms (such as gasdynamics cooling and radiation
• escape) which would tend to lower o, the conclusion of Appendix F is

that it is likely that the electron density (and hence a) was partially

frozen at its upstream value as the gas flowed down the nozzle in theae

experiments. Also included in Appendix F are estimates of the conductivity

drops which would occur from radiation escape and gasdynamic cooling, even

in the absence of frozen flow , and these results all predict less than a

14% conductivity drop, well below the indicated 50% drop that was measured.

Still another mechanism lead ing to a real conductivity drop would be a

cooling of the gas through heat transfer to the nozzle walls. However,

direct measurements of the radial profiles of conductivity, presented below

in Section 5.4 (cf. Fig. 5.8) indicate that there is a large core region in

the flow for which ~c~/~ r 0. This is fa irly st rong evi dence in suppor t o f

the claim that ~T/~r = 0 in the core flow region, and hence that this region

is not cooled by heat conduction. Thus the mechanisms of gasdynanic cooling,

radiation escape, and heat conduction are not sufficient to explain the

observed decrease in a.
Lndic

A convenient way of interpreting the results shown in Fig. 5.3, and one

which allows for a quantitative correction factor to be introduced for the

effect of flow velocity on four—pin probe readings, is to regard the probe

constant k as a velocity—dependent quantity . According to the working

equation (4.5), we have that

k =(R Q )~~ (5.1)
p l2 dumtny Q

and , s ince R , Q , and a are constants in these experiments , the12 dummy
decrease in divider output , Q, as ve loc ity in c reases can be thought of

as an increase in the probe constant. (a may in reality vary by a few

percent along the nozzle axis , but for simplicity we assume it to be essen—

tia—ly constant.) The quantity of interest , then , for a given probe , is
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the ratio of the values of the probe constant at zero velocity (a quantity

measurable to acceptable accuracy in a salt water solution) to that at

some non—zero velocity, u. For convenience we introduce the notation

k (u)
f(u) E (5.2)

k (u”O)

for this ratio, and we shall show how f(u) can be determined from the

experimental curve of a (u)/a (u )vs. u/uindic ,mobilc indic ,fixed plenum max
shown in Fig. 5.3.

By writing Eqn. (5.1) for the mobile probe at some arbitrary velocity

u, and dividing by the same equation written for the fixed probe at the

particular non—zero but constant velocity u which is present inplenum
the plenum at the location of the fixed probe, we obtain the result

kp mobile
(u) 

— 

1

kp fixed(Uplenum
) 

— 

I ~mobile~~~ \ A ~fixed~
’plenum~• 

~
Rl2 mobileQdummy~~ ,bileJ/ \

1
~l2,fixed

Qdummy,fixed

Multiplying both sides of this equation by the constant ratio

kf j d (u=O)/k bil (u O) leads to the result

k . ( u)
~ 

p,mobile
\kp,mobjle

(u=0) 
= ~mobile 1

~~
/kp,fixed

(uplenum)\ 
ffixed~

t1p1enum)

\ k (u 0) /p,fixed

1

[kp,mobile~~
1
~~
) Rnobile~~ 1/[kp, fixed~~

O) Qfixed (tl
plenum

)

[ 
Rl2 mobile ~dummy ,mobilejf [ ~12, f ixed ~dumniy , fixed

in which the terms in square brackets are Just a
~fld~C~ 

as calculated

from experimental data using Eqn. (4.5). Hence we arrive at the result

f (u) 1mobile 
= (5 3)

~f ixed ’
~
’plenuin~ 

a
indic mobile(u) / aindic fixed(uplenum)

in which the right—hand side is the numerical inverse of the curve plotted

in Fig. 5.3.
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We still do not know the value of the constant f (ufixed plenum
but it can be found if we permit ourselves to extrapolate the curve in

Fig. 5.3 to u = 0. At u = 0, we have that f (u 0)mobile
kp mobile(u=O)/kp mobile(u=0) = 1, and (5.3) thus yields

a (u 0)
f ( ., — 

mobile 
= (vertical intercept of

fixed”1plenum ’ — a (u ) ~Fig. 5.3 at u = 0fixed plenum

which has in this case the value f (u ) 1.4 ± 0.1, with thefixed plenum
uncertainty being estimated from the uncertainty possible in extrapolating

Fig. 5.3 to u = 0. With this result we have from (5.3) that

~mobile~~~ 
(1.4 ± 0.1) 

(a (u)/a (u ) )
= (1.4 ± 0.l)(Inverse of the curve of Fig. 5.3) . (5.4)

Using (5.4) together with the experimental curve in Fig. 5.3, the

corresponding curve of the probe constant ratio fmobile(U) was calculated

as a function of velocity , and is plotted in Fig. 5.4. This curve allows

a correction for velocity effects to be made. The conductivity indicated

by the four—pin probe is to be calculated from the formula

k (u 0)
a = f(u) i..’ , (5.5)

12 ‘
~dummy

or equivalently

Imaxa = k (u 0) f(u) , (5.6)
max

in which k~(u=0) is the value found using stationary electrolytes and

f(u) is read from Fig. 5.4.

It should be noted that the curve for f(u) shown in Fig. 5.4 was

obtained using only one particular probe, whose dimensions are shown in

Fig. 5.4, and this probe was employed in the “end—on” orientation with re—

spect to the flow. Thus, while the present work shows that it is possible

to take velocity effects into account for any given probe by performing ex—

periments similar to the ones described in this report , it is not known to
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what extent the correction factor f(u) may vary with other probe geom-

etries or flow conditions. Furthermore, since the correction factor

f(u) is relatively large (varying be tween uni ty and nearly 3 in the pres-
ent work), it would appear quite important to perform such detailed

“velocity—effect calibration” measurements on any four—pin probe used in

MILD conditions, if accurate absolute values of a are desired . Failure

to take velocity effects into account at all could result, according to

the data of this investigation, in indicated conductivities which are as
much as a factor of two or three lower than the actual conductivity.

5.3 Effects of Pin Orientation on Indicated Conductivity

A separate experiment was carried out to investigate the possible

effects of the orientation of the probe pins relative to the flow direc-

tion, and several difficulties were encountered which resulted in consid-

erably less data, and somewhat poorer quality data, than in the velocity

effects experiments. Also, in order to disturb the gas flow field as

little as possible, the particular mobile probe used for these experiments

was made much smaller than any other previously used probes; the double—

bore alumina tubing used had a 1/16—inch outer diameter , the tungsten wire

diameter was 0.011 inches, and dimension “a” (see Fig. 1.1) was 0.022 inch

(so that the separation of the metal surfaces of the adjacent outer and

inner pins was only 0.011 inches, or 0.28 mm). The thin ceramic tubing

was somewhat susceptible to warping from thermal gradients, and during the

test the two adjacent ceramic tubes separated by roughly one diameter ,

thereby changing the effective probe constant (i.e., distance b in-

creased —— see Eqn. (1.6) and Fig. 1.1). This meant that the quantity

a Ia could differ considerably from unity due to the uncertaintymobile fixed
in kp mobile (cf. Eqn. (4.5)). To make the results more meaningful,

therefore, the measurements were normalized by the value of a Iamobile fixed
at 6 = 00

, and the relative results (a /a
f
)O~ O

O/(O
fl
/U

f
)O..O

O vs. 8 were

plott ed.

A typical stripchart record is reproduced in Fig. 5.5, showing three

relatively fast ( — 30 second duration) sweeps of 0 through ±450 and the

corresponding drops in a bIl as 0 increases. After reducing these

data, plus data from another much slower scan of 0 to 30° and back to 0°,
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we obtained the plots shown in Fig. 5.6. As can be seen in these plots

(in which the time sequencing of the points plotted is indicated by the

dashed lines and arrows), the indicated conductivity curve does not re-

trace exactly its original path as 0 is swept out to some finite value

and then back to zero. There also appears to be a slight asymmetry about

the line 0 = 0°. Despite these unexplained features, the data seem to be

sufficiently repeatable and of sufficient quality to support the conclusion

that as the orientation of the pins is changed from 0 0° (“end—on”

orientation with the pins parallel to the flow) to 0 = 450
, the indi-

cated conductivity drops by 20% to 25%, and this decrease appears to be

linear in 0, at least to a first approximation.

5.4 Spatial Resolution and Effects of Nearby Conductors

We mentioned in Section 1.3 that the spatial resolution of a four—pin

probe depends on the size of the probe. For purposes of defining more pre-

cisely what we mean by “spatial resolution”, let us suppose that the probe

tip is surrounded by a sphere of uniform—conductivity plasma of radius r,

and that beyond this radius the conducti’i.ity may be different, or there

may be conductors or other disturbances. Then if r is the largest radius

f or which such disturbances produce measurable changes in the conductivity

indicated by the probe, we say that the probe has approximately the spatial

resolution r. For a four—pin probe it seems plausible that the spatial

resolution would be roughly the dimensions of the region through which most

of the current between the outer pins flows. For probes constructed such

that the dimension 9 (see Fig. 1.1) is roughly equal to the outer pin

separation (a + b in Fig. 1.1), we might anticipate that the spatial reso-

lution would be approximately equal to this outer—pin separation, or per-

haps up to twice this value .

Experimentally, the spatial resolution was investigated by traversing

the probe radially across the flow in an attempt to measure radial conduc-

tivity profiles in the nozzle. Fig. 5.7 shows portions of the stripchart

record obtained as the small probe described in Section 5.3 was traversed

several times across the flow. There was some problem with thermal warping

of the probe, so that there is considerable uncertainty in the actual posi—

tion of the probe tips in these traverses, particularly as the probe
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Figure 5.6. Results of 0-scans of 6/1/77 showing variation of

indicated conductivity wi th angle of orientation , 0.
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The top curve shows data from a slow , continuous
scan of 0, whi le the scans i n the l ower three curves
were carried out more rapidly.
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• approached the wall where temperature gradients were higher. Nevertheless,

• the st ripcha rt shows a relatively f la t  profi le , with the indicated conduc-

tivity increasing very near the wall.

This effect is seen more clearly in Fig. 5.8, in which the quantity

a( r#0) /a(r=o) has been calculated from one of the scans in Fig . 5.7 and

plotted vs. r. At distances of about 0.15 ± 0.05 inch from the nozzle

wall , the very flat profile of dldi turns sharply upward , in spite of

the fact that the actual local conductivity near the cooler nozzle wall

must be decreasing . This effect is thought to be due to a conducting sur-

face layer on the nozzle, and is consistent with the observations of Brown

(Ref. [6], p. 176), who found that nearby conducting walls affected the

probe current pattern in such a way as to make the indicated conductivity

increase. In the present experiments, the conducting layer was probably

formed by tungsten carried downstream from the arcjet cathode and reacting

with the boron nitride nozzle (such layers have been found to be conduct-

ing in previous work at Stanford). Another possible source for a conduct-

ing layer would be liquid metal NaK (although the nozzle surface tempera—

ture was supposedly kept high enough to avoid NaK condensation, as

mentioned in Section 2.2). Some conducting compounds formed by seed de-

posits from the several preceding tests, which all employed the same nozzle,

are another possibility.

If we take as the spatial resolution , r, the distance between the

probe and the wall at which the effects of the conducting wall begin to

alter aind (v iz . ,  the f i gure 0.15 ± .05 inch cited previously), and

divide by the separation between the outer probe pins (which was 0.125

± .03 inch), we obtain the result

spatial resolution, r 1 2 + 0 5
outer pin separation

which is roughly in agreement with our earlier expectation that the spatial

resolution of the probe is approximately equal to the outer pin separation .

Some additional modeling of the possible effects of nearby conductors

and insulators on the indicated reading of four—pin probes was done using

two—dimensional resistance paper (“Teledeltos paper”). The base case was a

34 inch x 34 inch square with insulating boundaries and electrodes painted

on with conducting paint (see Fig. 5.9). Successively smaller circles were
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Figure 5.9. Geometry of modelling of the effects of nearby
conductors and insulators with two-dimensional
resistance paper .
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then cut out of this square, first with a conducting boundary painted all

around, and then with this conducting ring cut away to leave an insulated

• boundary. In each case the indicated conductivity (actually the slope of

the i—cSV plot) was measured. The results of this procedure are shown

in Fig. 5.10. For this particular model situation we can conclude that

the error in the indicated conductivity is less than 5% provided (a) r/2W

~ 2 in the case of an insulating boundary, and (b) r/2W ? 4 in the case

of a conducting boundary. These results are of course dependent on the

particular geometrical configuration employed for modeling (i.e., two—

dimensional, four—pin probes centered in circular domains), but neverthe-

less they support the conclusion that the spatial resolution of a four—pin

probe is of the order of a few times the outer- pin separation.
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2 - Conducting Boundary along r
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• 

- 

~~~~~~~~~~~~~~ 

7~~ 

Insulating Boundary along r

Figure 5.10. Results of two-dimensional resistance paper study
of the effects of nearby conducting and insulating
boundaries on indicated conductivity from 4-pin
probes.
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Chapter 6

SA}IPLE TINE-RESOLVED CONDUCTIVITY MEASUREME NTS -

6.1 Introduction

The purpose of this chapter is to present some sample data taken when

the four—pin probe was operated in the time—resolved mode, as discussed in

Chapter 4. The data are not interpreted in the present work, but are pre-

sented to illustrate the capabilities and type of time—resolved measure-

ments possible with this probe system. Some indication that there were

large conductivity fluctuations present in the flow has already been pre-

sented in Fig. 4.2, which shows marked changes in t’-’e slope of the i—5V

characteristics (and hence in a) during the 1/60th second photographic

exposure time, but the data to follow in the next section show the time

development of such fluctuations directly, using time—base swept oscillo-

scope photographs.

6.2 Sample Oscilloscope Photographs

Figure 6.la shows, in the upper two traces , the waveforms of the am-

plified i and tSV signals as they emerge from the high—pass filters

F 
• (i.e., at point C in Fig. 4.4). The lower trace shows the voltage be-

tween the two outer pins, 6Vo t e r~ 
Several fea tures of this photograph

are worth commenting upon: (i) Although the applied voltage at the outer

pins is sinusoidal (or nearly so), the i and 6V signals are clearly

distorted into a nonsinusoidal, almost triangular waveform. This effect

is not attributable to the signal—processing electronics, since in the cor-

responding photograph (not included here) of the i and 5V signals from

the dummy probe (cf. Section 4.3), all the waveforms are sinusoidal. Thus

it is suspected that the non—sinusoidal i and 5V signals arise from

some “real” effect in the plasma. (ii) Despite the difference in waveforms

between the 6V t r  signal on the one hand and the i and dv signals

on the other, the i signal does appear to have the same (distorted) wave—

form as the dv signal, so that the ratio of the amplitudes of these two

signals will still be proportional to the slope of the i—dV characteristic,
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(A) (B)

(C)

Figure 6.1. Sample Oscilloscop e Photographs. (a) and (b), Upper
Trace: amplified current signal (2 V/div); Middle
Trace: amplified inner pin voltaqe difference (2 V/div);
Lower Trace: outer pin voltage difference (1 V/div).
Photo (a): from mobil e probe , Run 90, 3/15/77; sweep speed

11) ~isec/div; excitation frequency 40 kHz;
Photo (b): from fixed probe , Run 130, 2/11/77; sweep speed

11)0 ~sec/div; excitation frequency 10 kHz
(hand—pass filter used in place of high-pass
filter shown in Figure 4.4);

Photo (c): from fixed probe, Run 410, 3/15/77. Upper Trace
(with respect to upper most horizonta l baseline ,
5-V/div): probe current signal at input to
analog divider. Middle Trace (with respect to
middle baselin e, 5 V/div): inner pin voltage
difference signal at input to divider. Lower
Trace (with respect to l owest basel i ne, 5 V/div):
analog divider output , proportional to a(t).
Sweep speed S msec/div in photo (c).
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a multiplicative constant, is equal to the plasma’s conductivity as a

function of time. This photo clearly shows the presence of very large

fluctuations in a in the plenum chamber, where the probe was located.

It also gives some idea of the typical time scales of the fluctuations,

and demonstrates that the analog divider is working properly.

6.3 Sample Statistical Data on Conductivity Fluctuations

In this section we include some statistical properties of the elec—

trical conductivity fluctuations which were present in the seeded argon

flow employed in this research. The procedure used to obtain this quanti-

tative statistical information was first to make analog tape recordings

of the processed output signal (proportional to o(t)) from each of the

four—p in probes (as described in detail in Section 4.2), and then, subse-

quent to the experiment, to perform numerical computations on these recor-

ded data. The computations were accomplished by first sending the recorded

probe output (proportional to a(t)) into a Preston GMAD—l Analog—to—

L Digital Conversion System, and then using this digital data as input for

various statistical programs executed by an HP—2100 minicomputer . The

computed results included the following quantities: The mean conductivity,

• a; the rms value of the conductivity fluctuations, ~~~~ = [E(a(t)_~)2] 
½;

the spectral density function (or “frequency spectrum”); the probability

density function (all of these for recordings from individual probes at

specific points in the flow); and the cross—correlation coefficient between

the outputs of two probes in different locations. In each case the propor-

tionality constant between the conductivity a(t) and the recorded probe

output voltage Q(t) was corrected for the effect of velocity according

to the procedure described in the preceding chapter (cf. Eqn. (5.5)).

This procedure assumes that the velocity—effect correction factor, deter-

mined from time—averaged data, remains valid for fast time—resolved mea-

surements also.

Figure 6.2 is a plot of the ratio of 0rms to a vs. velocity.

This figure indicates that the flow velocity (or alternatively the axial

position in the converging nozzle) does not appreciably affect the rela—

tive conductivity fluc tuation level. In fact , the absolute value of

itself is quite constant for these data, since the corrected mean
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Figure 6.2. Ratio of rms conductivity fluctuations to mean
conductivity in arcjet exit nozzle vs. ~~~~~~from time-reso l ved 4-pin probe data.
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as we require for the signal—processing system to yield an output which
is truly proportional to a. (iii) There is some phase shift between

dv and the i and dV signals. This is due to the signal—outer -

processing components which shift the phase of i and dv by the same

amount relative to that of dv ; the same phase shift occurs when theouter
dununy probe is used . This phase shift causes no difficulties so long as

it is the same for both the I and dv signals, as indeed seems to be

the case in Fig. 6.la. S

Figure 6.lb displays similar signals as Fig. 6.la, but from a differ-

ent test and using a different probe and slightly modified signal—

processing components. In particular , in place of the high—pass filter

shown in Fig. 4.4, a “high—Q” band—pass filter, tuned to the source exci-

tation frequency, was used . This configuration worked well, but gave the

somewhat misleading impression that the i and dv signals were sinus— 
—

oidal , as was the excitation waveform. In fact , as seen in Fig . 6.la ,
this is not the case. The reason for the “sinusoidal—looking ” waveforms
in Fig. 6.lb is that the band—pass f i l ters  attenuate any high—f requency
Fourier components of the input waveform, and it is just these higher fre—

quency components which give the waveforms of Fig. 6.la their “sawtooth”

character.

The main reason for including Fig. 6.lb in this report is to illus-

trate the “slow” changes in the amplitudes (or modulation) of the higher—

frequency “carrier” signals, I and dv. This effect is clearly seen in

the waveforms of Fig. 6.lb ; the modulation is caused by relatively much

slower fluctuations in the plasma conductivity which occurred during the

one millisecond in which the oscilloscope trace swept across the screen.

The same effect is to be expected in Fig. 6.la, but does not show up so

clearly due to the much faster sweep speed employed .

The sample traces shown in Fig. 6.lc are included to convey a visual

impression of typical fluctuations in the rectified probe current i, inner

pin potential difference dv , and conductivity . The upper trace is the

“completely processed” current signal (appearing at point “F” in Fig. 4.4)

which is sent to the numerator input terminal of the analog divider ; the

middle trace is the correspondingly processed iSV signal which goes to the

denominator input. The lower trace is the divider output, wh ich , aside from
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conductivity a 11.5 mho/ni only varied by less than 10% among the

points plotted in Fig. 6.2. One possible explanation which would be con-

sistent with these results is that the regions of nonuniformity in the

plasma are simply convected downstream with little diffusion or mixing

during the approximately 3 millisecond residence time in the nozzle. If

appreciable mixing of the nonuniformities did occur, making the plasma

more uniform near the end of the nozzle (i.e., in the high—velocity region),

one would expect the ratio a Ia to decrease. The fact that arms rms
computed using the velocity—effect correction factor f(u), does not in-

crease as the gas flows down the nozzle tends to support the interpreta-

tion and use of f(u) and the assumption that while f(u) was calculated

from time—averaged data it is valid for time—resolved measurements also.

Figure 6.3 shows semi—log plots of the power spectral density func-

tion (see, for example, Reference [9]), Ga
( f )

~ 
defined as

1 1 T _ 2
G0

( f )  = 

M4-o 
-

~~~~ 

_
~J’ [a(t ,f,Af) —a] dt

This quantity represents the Fourier spectrum of the mean square conduc-

tivity fluctuation. It is clear from these plots that the dominant con-

tribution to the conductivity fluctuations occurs at frequencies below

about 200 H z , and that ther e is negligible contr ibut ion from frequencies

over 2 kHz. The plot shown for the case wher e the mobile probe was located

in the high—velocity region near the nozzle exit lies above the correspond-

ing plot for the low—velocity region. This behavior is generally consis-

tent with the interpretation that the nonuniform regions of fluid are

convected downstream past the probes, and that as the fluid moves faster

the same nonuniformities give rise to a higher—frequency component in the

probe reading. There seems also to be an “extra” very low—frequency com—

ponent in the signal from the probe when near the exit. This additional

low—frequency noise showed up on the eight—channel stripchart as well,

and may be due to the close proximity of shear layers and low—frequency

vortex—shedding effects at the nozzle exit, whose influence could easily

be felt in the subsonic flow at the location of the probe, which was ap—

proximately 0.5 cm upstream from the exit plane.
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Figure ~.3. Log of spectral density function of conductivity fluctuations
vs. frequency from data of 5/27/77.
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A sample probability density function for the electrical conductivity

is shown in Fig. 6.4. The most striking feature of this curve is the ob-

vious skewness, which means that small, negative deviations of a from

a are more likely than positive deviations , bu t  that large positive de-

viations are more probable than large negative deviations. This behavior

Is qualitatively consistent with the hypothesis that the temperature fluc-

tuations in the plasma have a symmetrical distribution about the mean. If

Saha equilibrium obtains in the plasma, then there will be a highly non-

linear but nevertheless one—to—one correspondence between a and Te
such that a symmetric temperature probability density will yield a skewed

conductivity probability density of the general shape of Fig. 6.4. In

fact, the temperature probability density function which corresponds to

Fig. 6.4 could easily be reconstructed . If f(a) is the probability den-

sity for a and a = 8(Te) is the functional relationship between a
and T , then the probability density h(Te) for the temperature is

given by the relation

h(T
e
) = f [ g(T

e)] g
’(T~)

The final statistical calculation which we shall discuss here deals

with the cross—correlation coefficient p (T) R (T)/ V V , wherea a  a o a am f  m f  f m
the cross—correlation function ~~ a ( t )  between the indicated conductivi—

ties a and a of the mobile a~d~ fixed probes is defined asm f

Ra a (T) ij
T 

a1(t)  ci (t+T) dt

and Va and Va are the root mean square values of af ( t )  and am(t) .
f m

These calculations were done as part of an attempt to determine experimen-

tally the flow velocity as a function of axial distance along the nozzle.

The basic idea of this technique was as follows : With the fixed and mobile

probes separated by some known distance, S, the -~utput signals from both

probes were simultaneously recorded on the same multi—channel analog tape

for a suitable time period (e.g., 30 seconds). From these data the cross—

correlation coefficient 
~ a a (T) was computed . Assuming that any fluctu—

m f
ations seen by the upstream fixed probe are essentially convected downstream
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and seen at a slightly later time by the mohile probe, there should be

a peak in the function Pamaf
(T) for some delay time T

5
, which is

equal to the transit time of the nonunifor-mities as they travel between

the two probes. From several such recordings and calculations a plot

could be made of the distance s traveled by a fluid particle as a func-

tion of the transit time T
5 

required , and the flow velocity at any

location determined from the slope ds/dT5.

In practice it did not prove feasible to make an accurate determi-

nation of velocity in the manner just outlined , but the qualitative trends

were as expected . A typical cross—correlation coefficient plot is shown

in Fig. 6.5. There is a rather broad peak and a corresponding transit

time 1.5 msec. However , the broad peak indicates that there is a

high correlation between the two signals over quite a range of delay times

T , or, in other words, the physical scale length of the nonuniformities

must be large compared to the separation between the probes. Also, tape

recordings were made at only a few separations in the 5 cm to 10 cm range,

and the cross—correlation coefficient curves showed less correlation and

even broader peaks as the separation increased . The limited and somewhat

uncertain data on s vs. t which was obtained is plotted in Fig. 6.6.

While the delay times do increase with separation generally, there are
three points showing the same delay time. Also, for the very largest

separa tion employed , the peak in the cross—correlation coefficient was so
broad and noisy that it was very arbitrary which delay time to use. Hence

it was nor possible to obtain accurate velocities by this technique. A

rough calculation of the slope of a line drawn through the three “best”

points in Fig. 6.6 (see the dashed line) yields a figure of about 40 m/sec

for the velocity, which is of the order of the velocities determined inde-

pendently by other means.
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(cm) vs. delay time for maximum cross
correlation coefficient , r~ (milliseconds),
from data of 3/15/77.
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Chapter 7

SUMMARY AND CONCLUSIONS -

This report describes an experimental study of four—pin probes as

a diagnostic technique for measuring the electrical conductivity of flow-

ing NHD plasmas. Emphasis has been placed on achieving temporal and spa-

tial resolution and on investigating the accuracy of such probes in the

presence of possible flow effects.

After a brief account of the theory of operation of four—pin probes,

the actual construction of the probes and the relevant features of the

arcjet facility used to generate a flowing seeded argon test plasma were

described . This was followed by the results of experimental investiga-

tions of the i—6V characteristics of the probes , in which the linearity

of the characteristics was demonstrated and the existence of a non—zero,

fluctuating inner pin voltage difference , SV0ff ~~
, was discovered .

The presence of this óV ff set 
guided the choice , for subsequent experi-

ments, of a.c. probe excitation (at frequencies in the audio range well

above the highest fluctuation frequencies present in the flowing plasma)

and the development of the fina l electronic signal—processing system. This

system was finally employed in experiments to determine how the indicated

conductivity readings from four—pin probes changed with the flow velocity

over the pins and wi th the orientation of the pins with respect to the

flow. These experiments also included some analog tape recordings of time—

resolved conductivity fluctuations , from which various statistical proper-

ties were later deduced .

The major conclusions which we have drawn about four—p in probes as

a result of this research are as follows:

• The i—iSV characteristics of the probes used remained linear if the

amplitude of the a.c. voltage applied to the outer pins was kept below

about 1 volt. This criterion seemed to be a more useful rule of thumb for

ensuring linearity than some criterion based on the current density at the

outer pin surfaces, which varied with probe geometry but was usually less

• than approximately 0.2 amps/cm
2.

L - _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



• Even when no current passes between the outer electrodes , a finite

and fluctuating voltage difference , iSV
off et~ 

appears between the inner

pins. This fact requires that the probe not be operated with d.c. current

if erroneous results are to be avoided .

• When excited at frequencies well above the highest frequency of the

naturally occurring conductivity fluctuations in the flow, the four—pin

probe system described in this report appears to yield reliable and accu-

rate time—resolved data on conductivity fluctuations . That is, all sta-

tistical parameters characterizing the fluctuations are accurate, except

possibly the mean value, o.

• As discussed in Appendix A , the prob e constant k~ could only be

determined to a precision of approximately 5% to 10% by the method of im-

mersion in KCf solutions. This fact limits the probe’s absolute accuracy

even in the absence of flow effects.

• For a fixed , “end—on” probe orientation , there was a significant de-

crease in the probe’s indicated conductivity as the velocity increased

(cf. Fig. 5.3). One way of interpreting these results is in terms of a

veloci ty—dependent corrt-ction factor to the probe constant (cf. Fig . 5.4).

Based on the present measurements , it seems that failure to account for

this velocity effect could result in an inferred conduc t ivity as much as

two or three t imes lower than the actua l conductivity .

• There is also an effec t of the probe pin orientation relative to the

flow direc tion , which manifests itself , for a fixed flow velocity, as a

decrease in the indicated conductivity as the pins are rotated from the

“end—on ” configuration towards a sidewise orientation (cf. Fig. 5.6).

• The following comments can be made regarding the suitability of four—

pin probes as a practical diagnostic for MMD work in general. For rela-

tive , time—resolved conductivity fluctuations measurements , such probes

would seem to be very useful. (No experiments were performed to assess

the effect of a magnetic field on four—pin probes , though this would prob-

abl y complicate matters considerably. Also , materials problems would have

to be overcome in the case of higher—temperature , oxygen—bearing, possibly

slag—laden combustion flows.) For absolute conductivity measurements

(either time—resolved or averaged), relatively large flow effects would

appear to limit the accuracy of four—pin probes from a practical standpoint.
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* 
Using a particular—sized and —oriented probe, we have found that the flow

effects can be compensated for by a suitable, empirically based correction

factor. To expect good absolute accuracy from any other probe, of differ—

ent size, differently oriented , and in different flow conditions would seem

to require that flow—effect calibration experiments be carried out on that

particular probe also. While this is of course always possible, in prac—

tical cases it may not always be feasible or worthwhile.
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Appendix A

EXPERIMENTAL DETERMINATION OF PROBE CONSTANT

In this appendix we present some detailed experimental procedures which

were found to be necessary in order to obtain reasonably accurate measurements

of the probe constants, ~~ for the four—pin probes used in the research

reported here. The actual electronics setup used , plus the measurement and

data reduction procedures for determining k have already been presented in

Section 4.4. The material in this appendix, on the other hand, relates mainly

to problems arising from the use of a liquid electrolyte (aqueous solutions of

KC1) as a calibration medium.

It was ininediately apparent from preliminary attempts to calibrate probes

in KC1 solutions that d.c. excitation of the probe was highly unsuccessful due

to gas bubble formation on the electrodes and to the large and unsteady local

concentration gradients set up in the electrolyte around the probe pins. Thus,

while it was clear that a.c. excitation was required , it was not known at

what frequency the probe should be excited . When k~ was measured (as described

in Section 4.4) over a range of frequencies, different results were obtained .

A variation of about 30% was measured in k~ over the frequency range 100 Hz

to 50 kHz, for one particular probe (see Figure A—i).

Further investigation into the electrochemistry of electrolyte solutions

revealed that similar problems had been encountered by the original chemical

researchers attempting to measure the electrical conductivity of electrolytes

to high accuracy. Most of the observed frequency dependence at low frequencies

was a t t r ibu ted  to the e f f e c t s  of polarizat ion of the electroly te (such as

electrolysis , causing gas bubble deposits which change the effective area of

the electrodes), while at higher frequencies (roughly, above 10 kHz) errors
due to the capacitative effects of ionic sheaths around the electrodes begin

to become appreciable. The standard frequency range for electrolytic con—

ductivity work was in the range of several hundred hertz to several kilohertz.

The standard reference for rs.duction of polarizat ion errors is a classical
series of papers in the American Chemical Society Journal (l is ted in reference

[13]) describing the research done by Grinnell Jones and coworkers at Harvard

University in the early 1930’s.

.
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According to [131 , polarization errors can be greatly reduced or

eliminated by making the electrodes inert and electrochemically reversible ,

and the standard technique for achieving this is to electroplate -the elec-

trodes with very finely divided black platinum particles——a process invented

by Kohlrausch in 1897, called platinization . Following the prescription in

[13], all four of the probe electrodes were platinized by passing a total

charge of at least 1.7 coulombs per cm 2 of electrode area (at current levels

about 10 ma) through each electrode while immersed in a platinizing solution

of 0.025 Norma l hydrochloric acid , 0.3% by weight platinum chloride , and
0.025% by weight lead acetate (The actual solution contained 1 gram PtCl4,
333 cm3 H

2
O, 0.255 cm

3 HC1, and 0.083 gm lead acetate). After platinization ,

the black—coated pins were very carefully washed in distilled water , anu then

immersed in the standard 1 Normal KC1 solution (prepared by diluting 74.555 gin

KC1 weighed in air to 1 liter total volume with distilled water); the con—

ductivity of this electrolyte is given as a function of temperature in

reference [14].

In addition to platinization of the electrodes , several other more routine

precautions were taken. For each measurement of k , a beaker of “fresh”

KC1 solution , taken from the same carefully prepared , sealed reserve supply,

was used , and the beaker was sealed off to avoid evaporation of H2
0 after the

probe was immersed in the solution . An accurate mercury—in—g lass thermometer

with 0.1°C graduations was used to monitor the solution temperature. While

making the electrical measurements , current was allowed to flow only long

enough (typically about 2 seconds) to achieve (and read on a digital voltmeter)

a steady divider output voltage , and for all measurements the current density

was held to the same value (~~ 0.2 amps/cm2 at pin surfaces) by changing the

amplitude of the applied a.c. excitation voltage as required.

With platinization (and the above precautions heeded), the measured values

of k showed a less severe frequency dependence than was obtained without

platinizing the electrodes. A comparison of the measured frequency dependence

of k for one particular probe , before and after platinization , is shown in

Figure A—i. The variation of k with frequency was never successfully

eliminated entirely on any of the probes used , and there was some variability

of the severity of the frequency dependence from probe to probe. Generally
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the value of k at 1 kHz was used to reduce the experimental data on plasma
p

conductivity, but the estimated uncertainty in this value could be as much as
• 5% to 10%, depending on the probe. The curves of k versus frequency for the

particular fixed and mobile probes used in the most successful experiments

(upon which the important results of Figure 5.3 are based) are shown below in

Figure A—2. There was about a 6% reduction relative to the pre—test value in

k~ of the mobile probe after it had been used in the experiment, perhaps

reflecting some small dimensional changes.

IA 
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Appendix B

REDUCTION OF CONDUCTIVITY FLUCTUATIONS

INTRODUCED BY ARCJET POWER SOURCE -

In the early experiments using four—pin probes in the arcjet facility,

oscilloscope photographs of the inner pin voltage difference vs. time showed

a repeatable , characteristic pattern of very sharp peaks at a frequency close

to 360 Hz. These fluctuations were interpreted as indicating the presence of

sharply peaked electrical conductivity fluctuations . It was hypothesized

that these o fluctuations were due to 360 Hz temperature fluctuations

probably caused by the “ripple” component of the current supplied to the arcjet
• by the laboratory ’s d.c. power supply. This appendix describes how these

fluctuations were greatly reduced by employ ing the large water—cooled MilD

magnet as a inductor in series with the arcjet.

The d.c . power source consists of twelve arc welder power supplies (A.O.

Smith Co., Model 1O ,000A) connected as shown in Figure B—la. The basic wiring

diagram for each of these individual units is given in Figure B—lb. This

system produces a three—phase , full—wave rectified output voltage waveform

whose shape is approximately that obtained by linearly superimposing three

full—wave rectified sinusoidal waveforms shifted in phase from each other by

120°, which yields a d.c. output with a 360 Hz “ripple” component whose

amplitude is several percent of the d.c. value .

The original connection of this power supply to the arcjet is diagramed

in Figure 3—2. As can be seen by examination of Figure B—2 and the circuit

diagrams of Figure B—i , the current which passes through the arcjet negotiates

the complete circuit without encountering resistive or inductive curcuit

elements which would tend to impede current fluctuations. Furthermore , the V—I

characteristics of a heavy , hi gh—pressure d.c. arc such as exists in the arcjet

are almost completel y flat (cf. Reference [12], p.365); that is, the voltage

drop is determined by the gap length , the gas composition and the gas flow rate

through the arc , and is essentiall y independent of the current level , once the

arc has been struck. This fact means that the arc itself will not offer any

resistance to fluctuations in the current. Consequently the current through

the arcjet will follow the fluctuating emf of the power supply units and will
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have a f luctuating component at 360 Hz which is several percent of the mean

current;  this current f luctuation would produce a small 360 Hz gas temperature

f luc tua t ion , which would lead to a signif icant  360 Hz conductivity f luctuat ion.

The obvious solution to this  problem was to place a large inductor ) one

capable of carr y ing the fu l l  arcjet  current (of the order of 1O 3 amperes) , in

series with the arc je t .  The inductive impedance uL would then hopefull y
be large enough to sa t is factor i ly attenuate the current fluctuations.

For tunately,  such an inductor was readily available in the laboratory in the

form of a large 2.7 tesla iron—core , water—cooled electromagnet used for MHD

experiments.
The inductance L of th is magnet was measur ed using the simple setup

shown in Figure B— 3. The t ime response v(t) of the voltage across the

known resistor R was recorded on an oscilloscope af ter  closing switch S.

Since

V (t ) Vo
(

l _ e L ),
a p lot of

lfl
[l

_
~~~~~ ]

vs. t wil l  be a s t ra ight  line with slope equal to R/L. The value of L

obta ined in this  fashion was L 0.74 henry with the pole p ieces fu l ly  closed.

The impedance uL of fered  by this  magnet to 360 Hz f luctuations is thus

about 1675 ohms , whereas the impedance offered to the steady d .c. current

is only 0 .214 ohms , which is the d .c .  resistance of the magnet coils .

The magnet (as an inductor) was connected in series with the ar cjet as

shown in Figure B—4 . The diode shown in this fi gure is a Motorola type

MR1269FL silicon power rec t i f ie r  capable of carry ing the full  arcjet current

in the forward direction . In the event of a sudden extinguishing of the arc

for whatever reason , this  diode protects the magnet coils from internal arcing

due to h igh L d i /dt  voltages by allowing the stored current to smoothly decay

to zero; the stored energy is then dissipated in the ohmic resistance of the

water—cooled magnet coils.
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To Oscilloscope

çt
Battery L MHD Magnet
(12 V)

(a)

V0

v(t)~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure B-3. (a) Setup for measuring I of MHD magnet,
(b) approximate time response of vol tage

across R.
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In addition to the large diode, there are five small “Transzorbs”

(trade name for General Seminconductor Industries type KE100CA bipolar transient

suppressors) connected in series with one another and then in parallel across

the diode (cf. Figure B-4). These effectively short out any high—speed , low—

energy transient voltage pulses in excess of 500 volts, and were installed as

a precaution to protect both the large diode and the magnet windings from

possible damage from the high voltage arc starter.

The system as shown in Figure 5—4 performed entirely satisfactorily; no

malfunctions occurred, and the arcjet current ripple fraction was reduced to a

measured value of 0.01%.
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Appendix C

DETERM INATION OF THE FLOW VELOCiTY

ALONG THE NOZZLE AXIS 
-

The nozzle employed in these experiments was machined from a solid

cylinder of boron nitride , and the actual contour was chosen somewhat

arbitrarily at the time of machining to provide a smooth, slowly converging

shape. Figure C—i is an approximately correctly proportioned sketch showing

the geometrical details of the flow path in the vicinity of the nozzle. The

maximum mean velocity , U , occurs at the minimum—area section at the exit ,max
and is given approximately by the formula

R m T  (-1)
max 

- 

ct I~ d
2 \p 

C

~ m3.n)

where R is the universal gas constant, N the molecular weight of the gas,

i~ the mass flow rate, P the pressure , d . the minimum diameter of the

nozzle, and T the gas temperature. For argon at one atmosphere pressure

and 2200°K (a typical estimated gas temperature in these experiments), and

wi th i~ = 0.03 lbm/sec and d . 1.1 inch (used in all experiments), formula
mm

(C—l) yields a value U 100 rn/sec. This value leads to a Mach number
max

less than about 0.1, which means that for purposes of determining the flow

velocities along the nozzle axis, negligible error is made by assuming the

flow to be incompressible . The remainder of this appendix describes briefly

the three methods used to estimate U(z)/U as a function of the distance z
max

along the axis from the exit plane. The resulting three curves of

vs. z are shown superimposed in Figure C—2.

The first and simplest method was to make the approximation that the

flow (in addition to being inviscid and incompressible) was strictly one—

dimensional, in which case we obtain from the continuity condition the result

U(z)/U (ci . /d(z)\2 . (C~ 2)
max ~~uan /

The diameter d(z) was carefully measured as a function of z by mounting

the nozzle on the table of a vertical milling machine and tracing the contour
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Figure C-i. Sketch defining geometrical variables in
the vicinity of the nozzle.
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‘ ‘
0.9 AXLAX computer solution

~\—.o_-o.—Experimental results from
static pressure measurements

0.8 - in room temperature N2

0.7

U ax 0.6

0.5

O 2 7
z( lnches)

Figure C-2. Centerline velocity ratio U/Um~~ vs. axiald istance, z, into nozzle from the exit plane,
as determined by three methods.
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with a dial indicator while recording the vertical and horizontal translations

of the table required to keep the indicator in contact with the inner surface

of the nozzle. This one—dimensional calculation will obviously give erroneous

results whenever there is a sudden discontinuity in the area, as occurs, for

example, at the nozzle entrance (see Figure C—2).

The second method was to solve for the two—dimensional velocity field

on a computer , thereby improving the accuracy of the solution, with respect

to the previous one—dimensional method. The equation solved was

~~~~~~~~~~ ~~ + .~4=o 
, (C—3)

where 4 is the Stoke ’s stream function. This equation governs the

axisymmetric , irrotational flow of an inviscid , incompressible fluid. The

radial and axial velocity components are found from the solution 4~ 
according

to the formulas

_ l 3 ~pv = — — —
‘ V — — —  . (c—4)

r r ~z z r

The boundary condition employed was to specify & all around the domain

boundary; this domain, chosen to approximate resonably closely the actual flow

geometry, was as shown in Figure C—3. Also shown are the plotted streamlines

obtained by the computer code “AXLAX” , which was generously provided by

Mr. Marion Jenkins of the High Temperature Gasdynainics Laboratory at Stanford.

The stream function 4, was chosen to be constant along the centerline and

along the channel walls. The velocity profiles at the inlet and outlet were

assumed to be uniform (v constant , v = 0), so that the values of 4, specified
Z 

. .  2
along the inlet and outlet had to satisfy the condition ‘~ 

= (constant ) r

obtained by integrating the second of equations (C—4).

As seen from Figure C—2 , the results of the two—dimensional numerical

solution are in fairly close agreement with the one—dimensional results except

near the ends of the nozzle, where the former results appear more realistic.

The main limitations of the numerical method are its failure to account for

visous effects , compressibility effects, the presence of swirl (non—zero v0),

the possibly non—uniform inlet and exit velocity profiles, and the lack of

complete geometrical identity between the actual flow region and the domain

used for the numerical solution.
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Due to uncertainty regarding the quantitative effects of the limitations

just mentioned on the calculated axial velocity ratio IJ(z)/U
max~ 

it was

decided to obtain a direct experimental determination of this ratio using a

Pitot pressure probe. The local velocity is found from the formula

12(P
U 1  ° I

L P 0 J

where p and p are the stagnation pressure and density, respective ly, and

P is the local static pressure. Since the flow can be closely approximated

as incompressible, we may divide by the corresponding formula for U
max 

to

obtain

U(z) 
- 
1(P -P(z) 1½ 

- /~~~~~\½ 
-

ii~~~~~ I p — P  . ) I ~~(~ P 
C

max L° mm J \ maX

The pressure differences were measured with a sensitive inclined manometer set

up as shown in Figure C—4. The pressure P(z) was sensed by a probe con-

structed from 3/32—inch diameter tubing hemispherically capped and drilled

with four 0.020 inch holes at a section 1.25 inches downstream from the capped

end. This probe was mechanically traversed along the axis of the nozzle

while room temperature nitrogen was flowing through the plenum and nozzle with

a maximum Mach number of 0.1.

The experimental results for U(z)/U vs. z obtained from this staticmax
pressure measurement technique are shown on Figure C—2 , and indicate a slightly

more gradually—changing velocity near the nozzle entrance and exit than is

predicted by the previously—described calculational methods. The error bars

shown in Figure C—2 reflect mainly the uncertainty in reading .~P from the

manometer, whose fluid level was fluctuating somewhat during the measurements.

Due to the relative “directness” of this experimental technique for determining

U(z)/U , as opposed to the calculational techniques which rely on many

assumptions, the experimentally—determined curve of U(Z)/U
max 

vs. z was

deemed more accurate and was used in all subsequent data presentations.
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Appendix D

DETAILS OF FOUR-PIN PROBE

EXCITATION AND SIGNAL PROCESSING CIRCUITRY

This appendix consists of a set of wiring and circuit diagrams for the

probe excitation circuitry and for the signal conditioning equipnent employed.

The probe excitation circuitry consisted of two units: a floating

function generator (constructed from a kit , shown in Figure D—2) to provide a

low—power excitation voltage, and a floating power amplifier (shown itt Figure

D—l) designed to amplify the excitation signal supplied by the function

generator to power levels sufficient to drive reasonably large currents

between the outer probe pins. This combination of equipment permitted exciting

the probes over the frequency range 0.1 Hz to around 100 kHz.

A single unit (the “signal conditioning unit”) was constructed to

accomp lish most of the signal processing which is indicated in block form in

Figure 4.4 and 4.6. After t~his signal conditioning unit was constructed ,

several additional commercial differential amplifiers and electronic filters

were acquired , and these were used , together with several of the

circuits in the existing signal conditioning unit, to form the final elec-

tronics setup used in the experiments. This final setup is shown schematically

in Figure D—3.

Figure D—4 shows the chassis wiring of the signal conditioning unit

itself. The remaining figures , D—5 through D—lO , are detailed circuit

diagrams of the individual units (differential amplifier , low—pass filter ,

precision linear rectifier , fixed— and variable—gain amplifier , and polarity

inverter) which are contained within the signal conditioning unit. The

analog divider is mounted in this unit also, but since it is a commercially

available device (Analog Devices, Inc., Model 436B, Two—Quadrant Divider),

no circuit diagram is included here.
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D.C. to 100 Khz, output voltage swing = ± 14V .
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Figure 0-9. Variable-gain amplifier circuit. Gain = 2N, where

N = number of turns on turns-counting dial of gain
set potentiometer (gain variable from 0.1 to 20),
bandwidth D.C. to approximately 3 Khz.
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unity gain).
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Appendix E

PRESERVATION OF LOU—FREQUENCY

S . CONDUCTIVITY FLUCTUATIONS

The argument to be presented here is intended to demonstrate that the

variations in slope of i—ISV characteristics such as these presented in

Figure 4.2, obtained as explained in Section 4.1 with the high—pass filter

setup of Figure 4.1, are in fact directly proportional to the electrical

conductivity fluctuations , even though the latter may occur at frequencies

far below the cutoff frequencies of the filters.

To begin with , we return to the analysis of Section l.~ and write down

expressions for the instantaneous current i(t) and inner pin voltage

difference SV~ e
(t) Referring to the notation in Figure 1.2 and applying

Kirchoff’s law around the complete circuit , we obtain

Vapplied 
— i R

sh — ~VW F 3  + 
~
Vsheath 3 — k31pi

—k24
pi — 

~
V
sheath 4 

+ = 0

which , upon rearrangement , may be written

V . (t )— t ~v (t)
applied anode—cathode . (E—l)

i(t) R + k p(t)
sh tot

In equation (E—l) p(t) is the ~1asma ’s resistivity, and AVanode cathode 
and

-~ k are defined as follows:
tot

~
Vanode_cathode 

(~V~~~3 
— 

~V~~~4
) — (

~
Vsheath 3 

— 
~
V
sheath 4

) (E—2)

and

k31 
+ k + k24. (E—3)

Here is constant in time (since it is a function of the geometry of

the probe), but 
~
Vanode_cathode is a time—varying quantity analagous to

ISV
offset• In addition to (E—1) we have directly from equation (1.3) that

I .  ISV. k p i + c S V
inner p offset
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which becomes , after substitition of the result (E—l) for i, 
- -

Iv - (t) —~~v (t) 1
ISV . (t) = ISV (t) + k P(t)I 

applied anode—cathode j. (E—4)
inner offset p L R h 

+ k
t t  

p (t)

Now we consider the outcome of passing the i and ISV. signalsinner
given by (E—l) and (E—4) through the high—pass filters shown in Figure 4.1.

The transfer function of these filters is represented schematically in

Figure E—1 , in which the relative magnitudes of the relevant frequencies is

indicated on the frequency axis. From this figure we see that only the

“fast—varying” signals whose frequencies are close to f (typ ically 20 kHz)

or greater will be transmitted by the filter. Keeping in mind that the

quantities AVanode_cathode (t)I cSV 
~~ ~

(t) and p(t) are “slowly—varying ,”

at least relative to V - (t), we can assert (and could demonstrate more
applied

formally using Fourier series) that the output signals will contain only those

terms in which V - (t) is a factor , i.e.,applied

v . (t)
i(t) = 

applied , ( E— 5 )

filtered R
h 

+ k p(t)

and
V . (t) 1

ISV. (t) = k p(t) I applied J - (E 6)
inner p IR + k  p (t)

L Sh  totfiltered

Substituting (E—5) into (E—6), and replacing the resistivity p (t) by the

inverse of the conductivity o(t)~~ , we obtain

j1te~~d
(t) = 

0 (t )  
ISV

inner filtered
(t) (E—7)

which shows, as asserted above, that the fluctuating slope of the i—ISv

characteristics (obtained after high—pass filtering as in Figure 4.1) is

proportional to 0(t).
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Appendix F

ESTIMATION OF POSSIBLE DECREASES IN

CONDUCTIVITY ALONG THE NOZZLE

One of the major experimental results of the present research was a

measured decrease of around 50% in the electrical conductivity indicated by

a mobile 4—pin probe as the probe was moved along the axis of the subsonic

nozzle from the upstream, low—velocity region (Station 1) to the downstream,

high—velocity region (Station 2). We discuss in this appendix to what

extent the “true” local conductivity may have changed between these two

stations due to naturally occurring processes in the plasma.

To begin the discussion , we review the known facts about the state of

the gas at station 1 (in the plenum region). During the experiment which

yielded the results of Figure 5.3, the tungsten—rhenium thermocouple in the

plenum core indicated a junction temperature of about 1700 K. Using various

estimates of the radiation correction to this thermocouple reading, we

arrive at the result that the heavy gas temperature Tg lies approximately

in the range of 1900 K to 2100 K. The electrical conductivity indicated by

both the fixed plenum probe and the mobile probe at the low—velocity station I

was 13 ± 1 mho/m. From calculations of electron transport properties by

Brown (specifically, Appendix 2.4 of Reference 6) we can then infer that

N 4.3 x 10
12 

cm
3 and the collision frequency is approximately

9.3 x l0~ sec
1 

~~eH 
is insensitive to T

e 
over th: range 1400 K to 2200 K).

We now wish to know by how much a (or N , which is directly propor-

tional to a in our case) might change as the gas flows down the nozzle. In

general, this is a difficult problem. To the extent that the electron gas

is only weakly coupled to the heavy particle gas, one could in principle

answer this question by solving simultaneously suitable forms of the electron

energy equation and the electron continuity equation, which constitute a

pair of coupled , first—order differential equations for Ne and T
e as

functions of time . We do not propose such a calculation here. Rather , we

ask what would be the possible limiting cases if such detailed calculations

were carried out.
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One possible limiting case (which we label “Case A”) would be that in

which local thermodynamic equilibrium (i.e. T = T) is maintained through—
-í out the flow. In this case we would need to examine mechanism leading to

decreases in T
5
, and then relate the magnitudes of such decreases AT to

changes

AN
e — Au

N a

in N and a via the Saha equilibrium relationship between N and T .

Another possibility (which we call “Case B”) would be that Saha

equilibrium is maintained (in the sense that N and T would be related
e e

through the Saha equation) at each point in the flow, but that T ~ T (in

fact Te 
would be less than T

g 
for our experimental conditions). Ifl this

case it would be necessary to examine mechanisms leading to decreases in T
e

such as radiation escape from the plasma , and to compute the corresponding

changes in a from the Saha equation. It is easy to show that the relation—

- I ship between the relative fractional changes in a and T
e 

in either of

these two cases is

dN -do — e _ ç 3 
+ 

i ‘~ dT ( 1)
a Ne ‘.4 2kT~~ T

where ~~- is the seed ionization potential and T is either T or T1 e g
whichever is applicable .

At the other extreme (“Case C”) lies the posaibility that the electron

density (and hence the conductivity) is essentially frozen at its initial

value. This condition could occur if the electron—ion recojabination time

(r ) were much greater than the flow time of the plasma down the nozzle.
recomb —

In this case, any changes in T or T
e 

which might be simultaneously

taking place would be irrelevant as far as estimating changes in a is

concerned , since a would be essentially constant down the nozzle. - I

We consider first this latter possibility . The time required for a

fluid element to flow from station 1 to station 2 in these experiments was

determined from the relation

2

-r ~~~~ (7u ~~~
1 dz.

flow U JUimax \ max
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Using Figure C—2 to provide the measured profile of U/U
max as a function

of z, and carrying out the integration graphically, we obtained -r f low
1.37 x 10 Sec.

To estimate t we write the rate of change of N due torecomb . e
electron—ion recombination as

dN
e 2

— — —aN , ( F — 2 )
dt e

- - and for the recoinbination coefficient a we may employ the Hinaov and

Hirs~hberg formula (see Reference [81, Chapter IX, Section 4)

T —9/2
a = 3.4 x 10 22 N

e ~~~ cm
3
/sec. (F—3)

Here N
e 

is exprcssed in cm
3 and T

e 
in °K. Substituting (F—3) into

(F—2) leads to a differential equation which may be integrated between t 0

and t - r if we assume T
e 

to remain constant or change slowly. The result

is

~ ~~~~~~ 

- 

N 2(0)] 
= 3.4 x io 22 r - (F—4)

If we somewhat arbitrarily define a characteristic recombination time

-r as the time necessary for N to decrease to one half of its initialrecomb e
value, we obtain from (F—4) that

T 9/2
( e

3 ~1OO0 (F—5)
recomb 

2 [3 4 10—22] N
2(O) 

12 —3The initial N was (as previously noted) 4.3 x 10 cm . There was no

direct measure of T , so we use the value T = 1650 K, arrived at ase e
explained below in a calculation taking radiation escape into account.

Substituting these values of N and T
e 

into (F—5) yields the result

—3
2.27 x 10 sec.recomb

- - 1

. 
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Comparing the two characteristic times we find that t I t
recomb flow

1.66, or roughly that r > r . If it had turned out that t >>
recomb — flow recomb

one would be assured of frozen flow (Case C), while if we had foundflow
-r , we could confidently assume equilibrium conditions (Case Arecomb flow
or Case B) to hold. What seems likely, therefore, is that N

e 
(and a) is

partially frozen——decreasing somewhat as the gas travels down the nozzle, but

less than it would decrease if equilibrium were maintained. The estimates

of conductivity changes which are made below assuming either of the equi-

librium situations , Case A and Case B, may thus be regarded as upper bounds

on the actual decrease in a.

Before proceeding to such calculations , we remark that the notion that

the conductivity may have been frozen, at least partially, appears to be

supported by the experimental evidence of Cool and Zukoski [15]. Under

similar experimental conditions (relatively slowly moving, potassium—seeded

argon heated to 2000 K in an arcjet) they observed (see especially their

Figure 4) that for low applied current densities the conductivity leveled

off at a value approximately corresponding to the equilibrium conductivity

at the gas temperature. They also concluded that for 3 �~ 0.3 amp/cm
2 

the

approximate “steady state” form of the electron energy equation ,

oE
2 = = + , (F— 6)

combined with the Saha equation at the electron temperature , offers an

accurate way of predicting the electrical conductivity. For low values

of J, however, (F—6) appears (when compared to the data of Cool and

Zukoski) to overestimate the effect of radiation in the electron energy

balance. This result would be in accord with the notion that a frozen

electron density was being observed as 3 -, 0, in which event the use of

the Saha equation would not be justified.

We now proceed to Case B. In the present experiments J 0, so that

the approximate energy balance equation -

= 
tmh 

“eh 
N
e ~ 

k (Tg — Te) (F-i)

I,

ft _ _ _ _



may be used to estimate the change in T
e 

between the two stations as a

result of radiation escape. The calculation procedure is summarized in what

follows. Since N is uniquely determined as a function of T
e - by the

Saha equation (which we are now assuming to be applicable), and since T

changes only very slightly down the nozzle (a fact which will be shown to be

true later), we may treat T
g 

as a constant and conclude that the left—hand

side of (F—7) is a function only of T , and may be displayed graphically as

such. The right—hand side, R, which represents the radiated energy lost

from the gas per second per unit volume, may be estimated using the results

of McGregor [11 ] for resonance radiation escape from potassium—seeded argon.

From page 148 of [11),

= + ft” , (F—8)

where n
1 

is the ground level number density of potassium atoms and R~
and R” are coefficients calculated by McGregor and tabulated in Table A.2

of [11 1. In order to “enter” this table, the input parameters T , Ne~ 
and

~ must be specified. Since we are assuming Saha equilibrium holds, N
e 

is

determined once T is specified. Here ~ is the radiation escape para—
e

meter whose definition and calculation are presented in Appendix H of fil l,

which gives the formula

T 1/4 / 3 1/2 1/2

~(4P—4s) = (1.374 x lO 2) 
(e) (

~~k”A) (
r~~i~)) 

. (F—9)

Here r is the radius of the radiating plasma, which is assumed to be a

uniform, infinitely long cylinder.
The procedure for determining T

e at, say, station 1 is thus as
follows: First one picks a gas temperature Tg and plots a graph of the

left—hand side (— a ) of (F—7) as a function of T. Then, using the nozzle

radius r
1 

at station 1 in formula (F—9), one computes the escape para-

meter at station 1. Next, using this and some assumed value for

Te 
(and the corresponding “Saha” value of Ne); one enters McGregor

’s Table

A.2 (liberally interpolating as necessary) and finds R~ and i”, and
finally computes R from (F 8). This process is repeated for several more
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assumed values of T until enough points are obtained to plot K = R(T , r )
e • e

as a function of T on the same graph on which —~2 is plotted. The *

e
abscissa of the point of intersection of the two resulting curves then is the

value of T which satisfies the energy balance relation (F—7) at station I.

When this process was carried out using T
g 

= 2000 K and the remaining para-

meters appropriate to our plasma conditions, the value Te 1 1646 ± 2 K

was obtained . Then the entire process was repeated , changing only the radius

r to be that at station 2, with the result that ‘F = 1632 ± 2 K.e,2
Substituting AT = T — T 14 K for dT into (F—l), and using thee e,l e,2 e
value T

e 
1640 K, we obtain a maximum percentage reduction in a of

do/a 14%, considerably less than the observed 50% drop in indicated
conductivity.

Finally we consider Case A , in which it is to be assumed that T ‘Fe g
all along the nozzle. One mechanism leading to a decrease in T

g 
is the

gasdynamic cooling which occurs as the thermal energy of the gas is shifted

to directed kinetic energy as the flow accelerates. The estimate of the

magnitude of this effect is based on the well—known formula (see, for

example, Reference 10) for the radio of the stagnation temperature , T , to

the static temperature T in the adiabatic flow of a perfect gas

1 +~~~!M
2 (F—b )

where k = c
p/cv 

and M is the Mach number. Using k 5/3 for argon,

plus the maximum Mach number M 0.095 obtained in these experiments , we

obtain from (F—b ) the result that

T— T  
= AT 

0.003,

which when substituted into (F—b) together with T 2000 K yields
g

do/a 4%, again well below the observed decrease in indicated conductivity.
The fact that AT 0.003 ‘F 6 K justifies our assumption in the

previous paragraph that T
g 

is essentially constant down the nozzle.

Still another possible mechanism for lowering T is radiation escape,

since the random thermal energy of the gas must ultimately be the source of

this energy. We may estimate the gas temperature drop which would be caused



by such a process by equating the internal energy drop per second in a thin

slab of gas at some location z to the energy loss rate by radiation from

that slab:

side = R. A(z)dZ -

Here in is the mass flow rate of argon, e is the internal energy per unit

mass, and A (z) is the cross—sectional area of the nozzle at axial position

z. Writing de (3/2 k/m
A
) dT

g; where k is Bobtzmann ’s constant and

the atomic mass of argon, and integrating from z = 0 to z = L (the lengtn

of the nozzle) yields

K m  L
Tg (0) — T (L) = AT = - —

~~~ 
A(z) dz

g g m — k~~~2 o

By defining an averaged cross—sectional area A such that

A L = J A (z )  dz

0

the previous result becomes

R m  A L
AT = . (F—Il)
g 

mi- k

Using McGregor ’s results as described above to estimate K, and inserting

appropriate estimates of A, L, ni in (F—ll), we have found that for the

temperature ranges of our experiments , AT~ from equation (F—il) is less

than 2 K. The conductivity drop caused by this mechanism is therefore also

negli gible.
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